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PEEFACE 


In this volume are the papers and discussions presented at the New 
York Meeting, February, 1924, and at the Meeting of the Petroleum 
Division held in Tulsa, Okla., in October, 1923; also the Proceedings 
of the New York Meeting. 
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B. BRITTON GOTTSBERGEh, Aasoeiate Chairman 


H. POSTER BAIN 
W. R. CRANE 
B B. GOTTSBERGER 
JOHN E. HODGE 


ROBERT LINTON 


DEVER C, ASHMEAD 
DOUGLAS BUNTING 


JAMES A. CAMERON 
THOMAS H. CLAGBTT 
FRANK HAAS 


C. L. BERRIEN 
NORMAN B. BRALY 


LOUIS S. CATES 
J. H. HENSLEY 
IRA B. JORALBMON 
HENRY KRUMB 


JOHN KNOX 


TRUMAN H. ALDRICH 
CLARENCE E. ABBOTT 
C. A. BARABE 
S. R. ELLIOTT 
EARL C. HENRY 


HENRY A. BUEllLER 
ALLAN B. CAJ.HOUN 
It M. CATLTN 
STANLY A. EASTON 


PHILIP U. BRADLEY 
J. A. BURGESS 
GEORGE E. COLLINS 


Advisory 

W. O. HOTCHKISS 
SIDNEY J. JENNINGS 
SEELEY W. MUDD 
ROBERT PEELE 
PRANK H. PROBERT 

Claasificatton 

P. W. SPERR, Chairman 
ROBERT PEELE 

Anthracite 

R. V. NORRIS, Chairman 


Coal 

HOWARD N. EAVENSON, Chairman 
DONALD H. McDOUGALL 
ROBERT SCOTT ORD 
M. F. PELTIER 

Copjter-Nofihweai 

WILLIAM B. DALY. Chairman 
JAMES L. BRUCE 
JOHN GILLIE 
PRANK A. KENNEDY 

Copper-Southwest 

GERALD P. SHERMAN, Chairman 
C. B. LAKENAN 
CHARLES A. MITKB 
ARTHUR NOTMAN 


Copper-Lake Superior 
FRED W DENTON, Chairman 

Iron 

DONALD B. GHLIES, Chairman 
EDWARD W. HOraiNS 
EARL E. HUNNER 
CHARLES E. LAWRENCE 
EMERSON D. McNBEL 
P. U. NELSON 

Lead and Zinc 

ARTHUR THACBER, CAasmon 
CECIL PITCH 
WALTER PITCH 
H, A, GUESS 
ROBERT S. LEWIS 

Precious and Bare Metals 

GEORGE A. PACKARD, Chairman 
JOHN A. PULTON 
EDWIN HIGGINS 
W. SPENCER HUTCHINSON 

Sampling and Estimating 


JOHN UNO SEBENIUS 
GEORGE OTIS SMITH 
WILLIAM y. WBSTBRVELT 
POPE YEATMAN 


IRA B. JORALEMON, Chairman 
WILLIAM PAY BOERICKB B. B. GOTTSBERGER 
WILLARD A COLE H. 0. JENISON 

WILLIAM B, DALY HENRY KRUMB 

JOHN A, PULTON 

Non^enetaUie Minsrals 
H, RIES, Chairman 


R. M. RAYMOND 


HERBERT D. KYNOR 
J. B. WARRINER 


GEORGE S. RICE 
SAMUEL A. TAYLOR 
C. M. YOUNG 


ROBERT LINTON 
OSCAR ROHN 


M. OTAGAWA 
H. DaWITT SMITH 
JOHN M. SOLLY 
ROBERT B. TALLY 


W. H. SCHACHT 


W. J. PENHALLBGON 
HARRISON SOUDER 
FRANCIS J. WEBB 
CARL ZAPPPE 


JAMES p. McCarthy 
PHILIP N. MOORE 
FRANCIS A. THOMSON 
BENJAMIN F. TILLSON 


JOHN G. KIRCHEN 
HUGH ROSE 


CHARLES A. MITEB 
BASIL PRESCOTT 
PHILIP D. WILSON 
J. P. WOLF 


*Th« jpurpo«6 of this oomnUttee U to obtain papers of high merit for publication by the Institute 
I the subject covered by the title of the committee. 
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HOWARD N. EAVBNSON 
HENRY S. QEISMER 


Mining Equipment* 

QRAHAM BRIGHT. CAairman 
HARRY C. GOODRICH 
R. E. HOBART 
GUSTAVE E. HUTTLE 


VERNON S. ROOD 
HUMPHREY D. SMITH 
HARRY M. WARREN 


Miliing Methods*t 


ROBERT H. RICHARDS. Honorary Chairman 
GALEN H. CLEVENGER. Oiairman 

JOHN V. N. DORR. Vico^irman CHARLES E. LOCKE, VuiO^hatrman 


FREDERICK LAIST. Vtco^hatrman 


PAUL W. AVERY 
EARL S. BARDWELL 
JOHN W. BELL 

C. H. BENEDICT 
FRANCIS L. BOSQUI 
FREDERICK W. BRADLEY 
H. KENYON BURCH 
DEAN S. CALLAND 
JOHN M. CALLOW 
ROBERT C. CANBY 
ALLAN J. CLARK 
DAVID COLE 
ARTHUR CROWFOOT 
FRED S. CURTIS 
EBLE V. DAVELER 

B. W. DAVIS 

JOHN R. FREEMAN, JR. 

C. H. FRY 


RUDOLPH GAHL 
ARTHUR O. GATES 
H, W. GEPP 
H, A. GUESS 
R. 8. HANDY 
HENRY HANSON 
H. W. HARDINGE 
ERNEST A. HERSAM 
THEODORE J. HOOVER 
ARCHIE H. JONES 
R. B. T. KILIANI 
MICHAEL H. KURYLA 
C. B. LAKENAN 
LUTHER W. LENNOX 
ROBERT 8. LEWIS 

D. A. LYON 

A. D. MARRIOTT JR. 
CHARLES W. MERRILL 
LOUIS D. MILLS 


JOHN GROSS. Secretary 
HENRY 8. MUNROE 
EDWARD H. NUTTER 
T. M. OWEN 
C. Q. PAYNE 
JOHN B. PORTER 
OLIVER C. RALSTON 
L. D. RICKETTS 
W. N. ROSSBBRQ 
LEWIS G. ROWAND 
THEODORE SIMONS 

E. T. STANNARD 
WALTER Q. SWART 
ARTHUR F. TAGGART 
ARTHUR THACHER 
GEORGE D. VAN ARSDALB 
A. J. WEINIG 
ALBERT B. WIGGIN 
R. B. YERXA 


JOHN A. CHURCH, JR. 
A. 0. IHLSENG 


Accounting Methods* 

H. B. FERNALD. Chairman 
R. VAN A. NORRIS, JR. 
ROBERT M. RAYMOND 


H. T. VAN ELLS 
GEORGE F. WOLFF 


ROBERT LINTON, Chairman 
NEWELL Q. ALFORD 
ALEXANDER C. BEESON 
HAROLD O. BOSWORTH 
WILL L. CLARK 
WILLIAM H, COBURN 
W. C. COFFIN 

F. F. COLCORD 

G. M. COLVOOORESSES 
CLEVELAND B. DODGE 
J. V. N. DORR 

CHAS. W. GOODALE 


W. R. CHEDSBY 
0. R. HOOK 


L. D. FRINK 
EUGENE F. IRWIN 


STANLY A. EASTON 


Industrial Relations* 

B. BRITTON GOTTSBERGER 
J. N. HOUSER 

S. PEMBERTON HUTCHINSON 
WALTER R INGALLS 
SIDNEY J. JENNINGS 
FREDERICK LAIST 

C. B. LAKENAN 
A, J. LANZA 
HORAC® F LUNT 

H. G. MOULTON 
HAROLD S. MUNROB 
H. D. PALLISTER 

HdmaHon 

E. A. HOLBROOK, Chairman 


SIDNEY 

EDQAR^RICKARD 
ALLEN H. ROGERS 
L. K. SXLLCOX 
J. E. SPURR 
ROGER W. STRAUS 
ROBERT E. TALLY 
DAVID VAN SCHAAOK 
W. ROGERS WADE 
F. a WALLOWER 
W. REUBEN WEBSTER 


Employment and Indae/brial Organization 

ARTHUR NOTMAN, Chairman 
W. G. MoBRIDE 

PhyHcal and hiental FaeUra in Indwtry 
R. R. SAYERS, Chairman 


RUSH N. HOSIER 
H. M. WOLFLIN 


HORACE MOSBS 
JAMES 6. REA 


T. T, READ 


JOHN L. BOAEDMAN 
G. M. GILLETTE 


B. F. TILLSON. Chairman 
S. DAWSON EAJX 




* The pnxpOM of tibia oommittoolf to obtain pspexs of Mgli merit foir pubHoationby tba tnatitato on tha 
•nbiaot ocmrod by tho title of the oommittee. 
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Engineering Education 


LOUIS M. CATES 
STANLY A. EASTON 
WILLIAM J. LORING 

AIXEN H. BOOERS. Chairman 
DORSEY A. iYON 

RENO H. SALES 

W. H SCHAOHT 

ROBERT E. TALLY 
E. E. THUM 
C. M. WELD 


Mine Ventilation 



GEORGE S. RICE, Chairman 

Other Members to be Appointed 


f 

Mine Taxation 


R. 0. ALLEN 

PAUL ARMITAGE 

CORNELIUS P. KELLEY, Chairman 
RALPH E. DAVfs 

H. B. FERNALD 

WILLIAM iB. GOWER 

R. V. NORRIS 
WALTER WOOD 

Committee on Production and Use of Silver 

F. H. BROWNELL 

CORNELIUS KELLEY, Chairman 
JOHN G. KIRdHEN 

ROBERT LINTON 

F. Y. ROBERTSON 


Professional Divisions 

Institute of Metals Division* 

^ GEORGE K. EIXIOTT, Chapman 

GEORGE a STONE, Vic^hairman WILLIAM M. CORSE, SecreltxnHirtMVirw 


WILLUM CAMPBELL 
GEORGE P COMSTOCK 
W, A. COWAN 


ARTHUR KNAPP, Yio^hairman 


Executive Committee 

D. C. CRAMPTON 
H. W. GILLETT 
SAMUEL L. HOYT 
ZAY JEFFRIES 

Petroleum Division! 

E. DbQOLYER, CfMirman 


H. C. JBNNISON 
STANISLAUS SKOWRONSKI 
A. E. WHITE 


W. R. HAMILTON, Seoretary-treaevrer 


Industrial Preparedness 

To Cooperate with the U. S. War Departmezzt 

General Committee 


H FOSTER BAIN 

H. S. MULLIKEN AliemaU 


E. F. BURCHARD 


EBSON S. BASTIN 


D« F. HEWETT 


ARTHUR S. DWIGHT, Chairman 
O, K. LEITH 
GEORGE OTIS SMITH 

Sttb-eomtniUees 

Chrome 

ALBERT BURCH, Chairman 
Graphite 

BENJAMIN LvR. MILLER, Chairman 
Manganeee 

C. M. WELD, Chairman 
ROBERT LINTON 
JOHN A. MATHEWS 


J. EDWARD SPURR 
POPE YBATMAN 


FRANK PROBBRT 


HENRY A. WENTWORTH 


J. V. W. REYNDBRS 
BRADLEY STOUGHTON 


of thia divlaion la to obtain papam of high merit for publioation by the Inatltute on the 
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MURRAY INNES 
VAN H. MANNING 

J. M. HILL 
H. H. ALEXiANDER 
0. H. HERSHEY 
HAROLD BOERICKE 


Mercvry 

GEORGE J. YOUNG, CJiairman 

PeiToleum 

A. C. VEATCH, Chairman 

CHESTER W. WASHBURNE 
Platinum 

AMOR F. KEENE, Chairman 
Tin 

G, T. BRIDGMAN. Chairman 

Tungsten 

FRED W. BRADLEY, Chairman 
Vanadium 

W. SPENCER HUTCHINSON. Chairman 


P. L. RANSOMS 
DAVID WHITE 

JOSEPH A. SCHLOBS 

« 

A. G. McKENNA 
F, L. HESS 
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Societies, Boards, Etc., on Which Institute Has 
Representation 
United Engineering Society 

rr , WILLIAM L. SAUNDERS. Prsaidmt 

GEORGE H. PEgRAM, Ut Vtce-preaidmt ALFRED D. PLINN, Secretary 

J. V. W. REYNDERS, 2d Vtee-prestdeni JACOB 8. LANQTHORN, Treasurer 

HENRY A, LARDNER Aeaiatant treaevrer 
Finance Committee 

r GEORGE H. PEGRAM, Chairman W. P. M. GOSS, 

J. VIPOND DAVIES BANCROFT GHERARDI 

WILLIAM L. SAUNDERS, ex-officio 
House Committee 

^ ^ ALFRED D FLINN, Chairman 

FREDERICK F. SHARPLESS* JOHN H DUNtAPA F. L, HUTCHINSONJ 

CALVIN W. RICEt 


W. P. M. GOSS, 


F. L, HUTCHINSONJ 


Until Jan., 1926 
W. J. WILGUS^ 

J. VIPOND DAVIES* 

W L. SAUNDERSt 
BANCROFT GHERARDIt 


Trustees 

Until Jan.. 1926 
GEORGE H. PEGRAM^ 
J. V. W. REYNDERS* 
W. F. M. GOSSt 
H. A. LARDNERt 


Until Jan., 1927 
LEWIS D. RIGHTS^ 
WALTER H. ALDRIDGE* 
JAMES H. HERRONt 
H. H. BARNES, JR.i 


United Engineering Societies Library Board 

HENRY A. LARDNER, t Chairman 

FRANCIS LEE STUART,^ Viee-ehairman HARRISON W. GRAVER, Sserstary 

Executive Committee 


SYDNEY BEVIN1 


SYDNEY BALL* 

GEOliGE C. STONE* 

ALEX. 0, nUMPIIREYS* 
JOHN H. JANBWAY* 
FREDERICK F. SHARPLESS* 
LINCOLN BUSH0 
FllANCIS I^EE STUART* 


HENRY A. LARDNER, t Chairman ex-offieio 
HARRISON W, GRAVER Secretary ex-offido 

E B CRAFTJ FRANCIS LEE STUART* 

JOHN H JANBWAY* 

Members 

C. J TILDEN* CALVIN W. RICEt 

P. H CONSTANT* E. B CRAFT:: 

J* JOHN H. DUNLAP* EDWARD D. ADAMS:: 

W. C. WETHERILLt W. I. SLIGHTER:: 

LESS* HENRY A. LARDNERt A. W KIDDLE:: 

SYDNEY BBVINt F. L HUTCHINSONt 

'* W. W. MACONt 


United Engineering Society, Entrance Hall and Memorials 


J. V. W. REYNDERS* 


BANCROFT GHERARDLl Chairman 
W. F. M. G0SS1 


WILLIAM J. WILGUS* 


Engineering Foundation 
Officers^ 1924 


CHARLES F. RAND,* Chairman 

EDWARD D. ADAMS. Ist Viee-ohairman JACOB S. LANQTHORN Treasurer 

FRANK B. JEWETT, 2d Viee-ehairman ALFRED D. FLXNN. Secretary 

Executive Committee 
CHARLES F RAND,* Chairman 
EDWARD D. ADAMS W. P. M. GOSSt ELMER A. SPERRY 

FRANK B. JEWETTf 
Board 

Four Trustees of United Engineering Society 


J. VIPOND DAVIES* 


ARTHUR L. WALKER* 

EL M. BOYLSTON* 
EDWARD DEAN ADAMS* 


ROBERT RIDGWAY* 
GEORGE A. ORBOKt 
Members Nominated by Founder Sooietiee 
ROBERT RIDGWAY* 

JOHN H. BARRt 


ELMER A, SPERRY 


GEORGE A. ORROE 
Members at Large 
CHARLES F. RAND 


LEWIS B. STILLWELLt 


FRANK B. JBWETTt 
L. B. STILLWELLt 


ARTHUR D. LITTLE 


Ex-oSloio, l^reeldeiLt of United Engineering Society 
W. L. SAUNDERS 


*A. I. M. E. 


tA. S. M. B. 


tA. I. E. E. 


*A. 8. C. E. 
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Society for Promotion of En^eering Education 


WILLIAM KELLY 


A. I. M. E. BepreaeniaHoes 


ALLEN H. BOGEBS 


American Engineering Standards Committee 

ALBERT W. WHITNEY, Chairman 


JOHN A. CAPBtt Vice-chairman 
GEORGE C. STONE* 

GRAHAM BRIGHT* 

GEORGE B. THACKRAY* 
CHAS. A. MEAD^ 


H. M. QUIMBY^ 
MILO S.^TOHXJM^ 
FRED E. ROGERSt 
EUGENE C. PECKt 


P. G. AGNEW, Sectary 

C. E. SKINNERi 
H. M. HOBARTi 


AIbo repreaentativea of other technical Bodeties, Government departments and industrial associations 
Mining Standardizaiicn CorrdaHng Committee 
A, I. M. Bn Bepreecrtatizee 


GRAHAM BRIGHT 


H. N. EAVENSON 


American Association for Advancement of Science 


J. MoKEEN CATTELL, Preaidsnf 
NDGRtiN* 


WALDEMAR LINDGl 


BURTON E. LIVINGSTON. 

albert SAUVEUR* 


(Also representatives of about 40 other assooialaons) 


National Research Council Engineering Division 

PRANK B. JEWETT, Chairman ^ 

GEORGE K. BURGESS^ Vice^fcoimon MAURICE HOLL^p, I)irsc<or 

^ WILLIAM SPRARAGEN, Seeretary 


EDWARD B. craft, vice-chairman 


R. B. MOORE* 

W. SPENCER HUTCHINSON* 
ARTHUR n WALKER* 

C. A. ADAMSf 
BANCROFT GOTRARDIt 
A. E. KENNELLYt 
ALBERT KINGSBURYt 


R. J. S. PIGOTTt 
G. A. ORROKt 
H, H. PORTER* 

W. K. HATT* 
HENRY GOLDMARK* 


GUILLIAEM 


E. P. HYDE! 
R W. DAVIS» 
B. B. BACHMAN* 
P. PAUL ANDERSON* 
F. B. MATTHEWS^ 
henry M. HO BART* 
EDMOND O. SOBnWTBITZER; 

A, B. WHITE* 


EDWil^ DEAN ADAMS 
GEORGE K. BURGESS 
EDWARD B. CRAFT 
JOHN R. FREEMAN 


Afsm&srs of Large 

FRED L. HOFFMAN 
P. B. JEWETT 
PAUL M, LINCOLN 
CHARLES P. LOWETH 
THOMAS H. MaoDONALD 


ANSTON MABSTON 
jS* F* JSdOOBE 
AMBROSE SWASEY 
HERMANN VON SOHRBNK 


Naval Consulting Board 


W. L. SAUNDERS,* Chairman 
W. L. R. 


THOMAS A. EDISON,* PrsHdEenI 


B. Q. LAMMEt 
FRANK J. SPRAGUBt 
ALFRED CRAVEN* 
ANDREW M. HUNT* 


THOMAS ROBINS,* Secretary 
LAWRENCE ADDICKS» 
ELMER A. SPERRVU 
BION J. ARNOLD!* 

L. H. BAEKELAND** 

W. B. WHITNEY** 
DAVID W, BRUNTON** 
HOWARD E. COFFIN** 


B. B. THAYER,* Vioe-ohairman 

ANDREW L. BIKER** 
HUDSON MAXIM** 
MATTHEW B. SELLERS^ 
^ A. G. WEBSTER** 
ROBERT S. WOODWARD** 
M. R, HUTCHINSON* 


•A. L M. B. tA. S. M. E. tA. I. B. B. *A. S. 0, E. ft A. S. T* M. 

* Blum. Engr. SoQ. * Inventors’ Guild. 

* Ajnor. Soo. Automot. ^agrs. »« Amer. Beetrodhem Boo. 

* Ajner. Soo. Heat, and Vent. Engrs. ** Amer. Soo. Aeronaut. Engm. 

* Amer. Soo, Befriff. Engra. *» Amer. Chom. Soo. 

! ** CdOL, Teob. Soo. 

J Western Soo. Engrs. u Amor. Aeronaut. Boo. 

’ Amer. Soo. for Steel Treating ** Amer. Math. Soo. 

« Appointed by Soo. of Navy. *• Amor. Soo. Antomot. Engrs. 
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John Fritz Medal Board of Award for 1924 


HERBERT HOOVER* 

B. B. THAYER* 
ARTHUR S. DWIGHT* 
GEORGE S. WEBSTER^ 
ARTHUR P. DAVIS0 


CHARLES F. RANI^ Chairman 
CHARLES F. LO'frETH^ 
JOHN R. FREEMAN^ 
FRED J. MILLERt 
H. B. SARGENTt 
W. P. M. GOSSt 


W. M. McFARLANDt 
WILLIAM McCLELLANt 
HARRIS J. RYANt 
A. W. BERRESFORDt 
F. B. JEWETTt 


James Douglas Medal Committee 


Unta Jan 1. 1926 UatU Jan. 1, 1926 

BENJAMIN B. THAYER, Chairman CHAS. W. QOODALE 
CHARLES F. RAND CHAS. W. MERRILL 

ARTHUR L. WALKER PRANK M. SMITH 

ARTHUR S. DWIGHT WALTER DOUGLAS 

DAVID COLE E. P. MATHEWSON 


Until Jan. 1, 1927 
LAWRENCE ADDICKS 
PAUL D. MERICA 
JOHN H. JANEWAY 
FREDERICK LAIST 
WILLIAM KELLY, ea^officio 


Joseph A. Holmes Safety Association 


H. POSTER BAIN 
DAVID T. DAY 


ROBERT LINTON 


G. H. CLEVENGER 


Executive Committee 
FREDERICK J BAILEY* 

Bero MedoSL Oommitteea 
Mining and Quarrying Industries 
EDGAR WALLACE 
Metallurgical and Other Industries 
JOHN TURNEY 


SAMUEL OOMPERS 
JOHN L. LEWIS 


J. W. PAUL 


VAN H. MANNING 


Washington Award Conunission 


W. L* ABBOTT,} Chairman 
CHARLES H. MaoDOWELL* 
P. K. COPELAND* 

JOHN PRICE JACKSONt 
CHARLES P. SCOTTt 
R. C. MARSHALL, JR.0 
W, H. FINLEY^ 


EDGAR S. NETHERCUT, Secretary 
HERBERT S. PHILBRIOKf H. J. BURT} 

CHARLES P. BRUSHt J. L. HECHTft 

CHARLES R. RICHABDS+ W. W. DbBERARD} 

D. H. MAURY} H. H. CLARK} 

JOHN F. HAYWARD} B. T, HOWSON} 

C. A. MORSE} 


Franco-American Engineering Committee 


(Organized 1919 to foster engineering relations between France and America) 


GEORGE P. SWAIN0 
P. G. COTTRELL* 


NELSON P. LEWI^ Chairman 
ARTHUR S. DWIGHT* 
CHARLES T. MAINt 
GEORGE W. PULLERt 


LEWIS B. STHiLWEIXl 
A. M. HUNTi 


American Bureau of Welding 

A. J, Jf. Bevreeentaiive 
BRADLEY STOUGHTON 


•A. L M. E. tA S. M. E tA. I. E. E, AA. S, C* B. }WeBte!m Soo. Engw. 
s Deceased 
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New York Meeting, 1924’ 

The 129th meeting of the American Institute of Mining and Metal- 
lurgical Engineers convened at New York City, in the Engineering 
Societies Building, Feb. 18-20, 1924. On [February 21 an excursion was 
made to the Bethlehem Steel Co., at Bethlehem, where about 200 members 
and guests were splendidly entertained. The meeting and excursion 
were largely attended; the registration at New York totaled 1276 versus 
1201 in 1923. 

William Kelly, long identified with the iron-mining industry of the 
Lake Superior district, was elected President of the A. I. M. E. for the 
coming year, at the annual business meeting, Feb. 19, succeeding E. P. 
Mathewson. The following Directors were also elected (the date signifies 
year of termination of oflSice; the final figure indicates the “District” 
the Director represents). 

William Kelly, Director (1927 — 5). 

B, B, Thayer, Director (1925 — 0). 

Charles W. Merrill, Director and Vice-'preeident (1927 — 10). 

P. B, Butler, Director (1927 — ^8). 

Bertram D. Quarrie, Director (1927 — 3). 

L. D, Ricketts, Director (1927 — 9). 

J. V. W. Reynders was re-elected First Vice-president; Charles F. 
Rand, Treasurer; F. F. Sharpless, Secretary; and Percy E. Barbour, 
Assistant Secretary, at the executive session following the election of the 
new ofl&cials on Tuesday evening. 

Special Lectures 

Dr. Zay Jeffries delivered the annual lecture for the Institute of 
Metals Division. The examination by a^-rays of the crystal structure of 
metals has been a special field of investigation for four years past by 
Doctor Jeffries. The results of those a>-ray studies were embodied, in 
part, in the lecture, “The Trend in the Science of Metals.” 

An interesting coincidence marks the selection of Dr. Albert Sau- 
veur to deliver the first H. M. Howe Memorial Lecture before the 
American Institute of Mining and Metallurgical Engineers. After 
the selection was made, Doctor Sauveur was honored by the Iron 
and Steel Institute of Great Britain with the award of the Bessemer 
medal for 1924 to be presented at the May meeting of the British Institute 
in London. The American metallurgist last honored in this way was 
Henry Marion Howe, 29 years ago. Doctors Howe and Sauveur were 
intimate friends and co-workers. The award of the Bessemer medal 
for 1924 carries special emphasis, as this is the semi-centennial of its 
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founding in 1874. Prior to Doctor Howe in 1895, only four Americans 
won the honor: Peter Cooper in 1879, Alexander Lyman Holley in 1882, 
Abram S. Hewitt in 1890 and John Fritz in 1893. The last three (as 
also Doctor Howe) were all presidents of the A. I. M. E.; Holley in 1875, 
Hewitt in 1876 and 1890; Howe in 1893, and Fritz in 1894. 

Technical Sessions 

Joint sessions with the members and guests of the Institute were held 
by the following societies and committees: Advisory Board to Bureau 
of Mines and Bureau of Standards (Committee on Drill Steel) ; American 
Society for Testing Materials (Committee B-2 on Non-ferrous Metals); 
Institute of Metals Division; Mining and Metallurgical Society of 
America; National Research Council (Committee on Heat Treatment of 
Carbon Steel); National Safety Council (Mining Section); Society of 
Economic Geologists. 

Besides the technical papers on special or individual fields of mining, 
milling, and metallurgic practice, and mineral and metal production, 
a number of programs of general engineering and general public interest 
specially enlivened the sessions. 

A symposium on petroleum and gas developments in 1923 attracted 
much general attention; as did a symposium by the geologists on the 
nature of secondary enrichment in the genesis of copper orebodies, and one 
by metallurgists on the use of oxygenated air in furnaces; a timber and 
reforestation round-table (a subject in which both coal and metal mines 
have a common interest with the lumber and paper-pulp trades); a 
conference on taxation under the chairmanship of Paul ijmitage, which 
drew attention in the public press; as did also several conferences on 
industrial relations between employers and superintendents and other 
workers. 

Petroleum 

Monday Mobnino, Fbb. 18 
Chairman, E. DeGolyer 

Preparation of Composite Decline Curves of Oil or Gas Wells from Trade Journal 
Data or Scout Reports, Roswbu:i H, Johnson, Professor of Oil and Oas Prodixetionj 
University of Pittsburgh, Pittsburgh, Pa., and Chablbs L. Shirley. 

Distribution of Profit and Ride between Oil Land Owner and Producer. Roswjui^l U. 
Johnson. 

Smackover Oil Field. H. G. Schneider, Division Geologist, Amerada Petroleum Corpn,, 
Shreveport, La. 

Production and Water Conditions of the Powell Field, Texas. F. W. DeWolf, 
Chief Geologist of Boyd OH Co,, and R. B. Whitehead, Chief Geologist of Atlantic OU 
Producing Co,, Dallas, Texas. 

The Law of Supply and Demand. Arthur Knapp, Philadelphia, Pa. 

The Trend of Prices in the Petroleum Industry. Joseph E. Pooue, Consulting 
Engineer, New York City. 
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Developments during 1923 
Chairman, E. DeGolyer 
Monday Aptebnoon 

Production of Petroleum in 1923. E. DbGoltbb, Petroleum Geologist^ New York, 
N. Y. 

California. E. G. Gaylord and L. C. Decius, Pacific Oil Co., San Francisco, Calif. 
Rocky Mountain States. C. A. Fisher, Consulting Geologist, Denver, Colo. 

ICansas. J. M. Sands, Phillips Petroleum Co., Bartlesville, Okla. 

Oklahoma. James H. Gardner, President, Gardner Petroleum Co., Tulsa, Okl&. 
East Central Texas. F. Julius Fohs, Consulting Oil Geologist, New York. 

Gulf Coast (Louisiana and Texas). Edwin T. Dumble and W. F. Bowman, Southern 
Pacific Railway Co., Houston, Texas. 

Northern Louisiana and Southern Arkansas. Malcolm E. Wilson, Chief Geologist, 
Louisiana Oil Corpn., Shreveport, La. 

Illinois. Jambs H. Hancb, Asst. Chief, lUinois State Geological Survey, Urbana, 111, 

Tuesday Morning, Feb. 19 

Indiana. W. N. Logan, State Geologist, Indianapolis, Ind. 

Trenton Limestone of Northwestern Ohio. J. A. Bownocker, Stale Geologist 
Columbus, Ohio. 

Kentucky and Tennessee. Wilbur A. Nelson, Stale Geologist, Nashville, Tenn. 
Northern Appalachian Fields (Pennsylvania and New York). George H. Ashley, 
State Geologist, Harrisburg, Pa. 

Southern Appalachian Fields (West Virginia). David B. Reger, Assistant Geologist, 
West Virginia Geological Survey, Morgantown, W. Va. 

Recent Deep Drilling in the Appalachian Fields. R. E. Somers, Professor of Economic 
Geology, University of Pittsburgh, Pittsburgh, Pa. 

Oil Developments in the United States Outside of the Producing Oil States. K. C. 

Heald, Associate Geologist, U. S. Geological Survey, Washington, D. C. 

Alaska. Alfred H, Brooks, Chief Alaskan Geologist, Washington, D. C. 

Mexico, Valentin R. Garpias, Manager, Foreign Oil Department, Henry L. Doherty 
dh Co., New York. 

Tuesday Afternoon 

Electric Welding of Large Storage Tanks. Harold C. Price, Manager Welding 
Engineering Co., Bartlesville, Okla. 

Canada. George S. Hume, Canadian Geological Survey, Ottawa, Ont. 

Central America. Arthur G. Rbdfield, U. S. Geological Survey, Washington, D. C. 
Ecuador. Joseph H. Sinclair, Mining Geologist, New York. 

Venezuela. Edwin B. Hopkins, Consulting Geologist, New York, and Chester W. 

Washburne, Consulting Geologist, New York. 

Peru. V. P, Marstbrs, Consulting Geological Engineer, Kansas City, Mo. 

Colombia. L. G. Huntley, Consulling Geological Engineer, Pittsburgh, Pa. 

British Empire. Eric Brukton, Commercial Secretary, British Embassy, Washington 
D. C. 

h'rance and the French Colonies. P. Maetignan, M. & M. E., Technical Assistant, 
Commercial Attacks, French Embassy, New York, N. Y. 

Persia. Sultan M. Amebxe, Commercial Attachi, Persian Embassy, Washington 

D. a 

India. William J. Wright. 
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Europe and Asia. Hbnkt C. Morris, Chief, Petroleum Division, Department of 
Comrnerce, Washington, D. C. 

Business Session. 

Coal and Coke, Ground Movement and Subsidence 
Monday Morning, Fbb. 18 
Chairman, Howard N. Eavenson 

Address of welcome, by Chairman, to Dr. R. V. Wheeler, Director, British Safety in 
Mines Station at Eskmeals, and to H. Eustace Mitton, Member of Council, Institution 
of Mvning Engineers, 

Reply by Doctor Wheeler, telling of cooperation entered into by British and American 
Governments in investigations relating to the prevention of mine accidents. 

Acknowledgment by Mr, Mitton. 

Illustrated talk on Mining Methods Observed in European Countries and Methods of 
Restoring Coal Mines of Northern France. George S. Rice, Chief Mining 
Engineer, Bureau of Mines, Washington, D. C. 

Monday Ajtbrnoon 
Chairman, H. G. Moulton 

Report by George S. Rice of the results of his discussions with foreign technical socie- 
ties, regarding the collection and interchange of data on ground movement and 
subsidence, followed by his illustrated description of instances of subsidence 
observed in metal Tnining and coal mining, and methods taken to prevent damago 
from subsidence. 

Coal 

Tuesday Morning, Fbb. 19 
Chairman, Howard N. Eavenson 

Coal Mining by the V System. Glenn B. Southward, Chief Engineer, West 
Virginia Cool <fc Coke Co,, Elkins, W. Va. 

Dry Cleaning of CoaL Ray W. Arms, Contracting Engineer, Itoberts d Schaefer Co,, 
Chicago, m. 

Valuation of Coal Mining Properties in the United States. Report of Engineers* 
Adoiscry ValuaUm Committee toiheU, S, Coal Commissum, 

Data Respecting Labor Employed in Various Bituminous Mines. Howard N, 
Eavenson, Mining Engineer, Pittsburgh, Pa. 

Discussion of Report of U. S, Coal Commission. E. W. Parker, Director, Anthracite 
Bureau of Information, Philadelphia, Pa. 

Committee on Drill Steel 

Monday Morning, Feb. 18 

Chairman, D. A. Lyon 

Open Session of Advisory Board to Bureau of Mines and Bureau of Standards on Drill 
Steel Breakage and Heat Treatment. 

The Hawkesworth Detachable Bit. R. S. Alley, President, Bawhesujorih Drill Co. 

Report to the Advisory Board. 

Physical Defects in HoUow Drill Steel Francis B. Fozet, Metallurgist, Bureau of 
Mines, RoUa, Mo.; Charles Y. Clayton, Pro/cssor o/ Jlfcioifwpy, Missouri School 
of Mines and Metallurgy , Rolla, Mo.; Muir L. Frey, Junior Metallurgist, Bureau of 
Mines, RoUa, Mo. 

Survey of Iron and Steel Equipment Used in Oil Well Drilling. 
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Metallurgy 

Monday Afternoon, Feb. 18 
Chairman, Lawrence Addicks 

Direct Electrolysis of Black Copper Anodes of Higli Nickel-lead Content. M. H. 

Mbrbiss, Metallurgical Engineer, Nichols Copper Co,, Laurel Hill, L. 1. 

Calculating Zinc for Desilverization of Lead Bullion by the Parkes Process. George 
G. Griswold, New York, N. Y. 

The Reduction and Refining of Tin in the United States. H. H. Alexander, Super-- 
intendent, Perth Amboy Plant, A. S, A. J5. Co,: and J. R. Stack, Superintendent of 
Tin Operations, Perth Amboy Plant 

Present Trend in Treatment of Complex Ores. G. L. Oldright, Hydrometallurgist, 
Bureau of Mines, Salb Lake City, Utah. 

TtTESDAY Afternoon, Feb. 19 
Chairman, Arthur L. Walker 

Greenawalt Electrolytic Copper Extraction Process. William E. Grbbnawalt, 
Consulting Metallurgist, Denver, Colo. 

Ammonia Leaching of Calumet and Eecla Tailings. C. H. Benedict, MetaUwrgist, 
Calumet <& Heda Cons, Copper Co., Lake Linden, Mich., and H. C. Kenny, Superin- 
tendeni, Leaching Plant, Lake Linden, Mich. 

Hydrometallurgy of Lead. Oliveb C. Ralston, Asst Chief Metallwrgist, Bureau of 
Mines, Berkeley, Calif. 

Electrolytic Zinc from Complex Ores. U. C. Tainton, Metcdlurgid, Bunker HiU & 
Sullivan Mining Co,, Kellogg, Ida., and L. T. Leybon, Kellogg, Ida. 

Industrial Relations 
Monday Afternoon, Feb. 18 
Chairman, Sidney BoUe 
Reports of Chairmen of Sub-Committees on 
Safety. B. F, Tillson. 

Employment and Industrial Organization. Arteub Notman. 

Education. E. A. Holbrook. 

Physical and Mental Factors in Industry. Dr. R. R. Sayers. 

General Discussion on Industrial Relations. 

Tuesday Afternoon 

Joint Session with Mining Section of National Safety CouneU 
Chairman, R. Dawson Hall 
Mine Accident Statistics. W. W. Adams. 

Magnetic Investigation of Hoisting Rope. R. L. Sanford. 

The Bureau of Mines’ Work for Safety. H. Foster Bain. 

Mental Hygiene in Industry. T. T. Read. 

Round Table Discussion of Safety Questions. 

Wednesday Morning 
Chairman, Arthur Notman 
Some Recent Experiences in Australia. A. J. Lanza. 

Industrial Relations. Robert E, Tally. 

Industrial Relations — ^Dual Responsibilities. L. K. Sxlloox. 

Address by D.L, SnaxaNG, Secretary, Aus1rcdasianJri$tUuk<J Mining and Metallurgy, 
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Wednesday Apteenoon 
Chairman, Sidney Eolle 

The Vital Factor in Industrial Relations. G. M. Gillette. 

Industrial Relations in the European Coal Fields. John T. Ryan. 

Dust and the Health of the Miners. D. Haehington. 

A Living Wage to the Worker — If He Earns It. W. R. Chedsey. 

Iron and Steel 
Monday Aftbenoon, Feb. 18 
Chairman, John A. Mathews 

Overstrain in Metals. Joseph Ka.tb Wood, Engineer, Westingliouse Elec. & Mfg. Co., 
East Pittsburgh, Pa. 

The Nature of Martensite. Edgae C. Bain, Research Metallurgist, Atlas Steel 
Corpn., Dunkirk, N. Y. 

Effect of Zirconium on Hot-rolling Properties of High-sulfur Steels and Occurrence of 
Zirconium Sulfide. Albxandee L. J'eild, M. S., Research Metallurgist, Electro 
Metallurgical Co., New York City. 

Micrographic Detection of Carbides in Ferrous Alloys. Noeman B. Pilling, Metal- 
lurgist, Westinghouse Electric <S: Mfg. Co., East Pittsburgh, Pa. 

Use of ^dium Picrate in Revealing Dendritic Segregation in Iron Alloys. V. N. 
Keivobob: and Albbet Sadvexjb, S. D., Professor of Metallurgy and Metallography, 
Harvard UnwersUy, Cambridge, Mass. 

Simulating Natural light in Metallography. H S. Gboegb, Metallurgist, Union 
Carbide <Sb Carbon Research Laboratorirs, Long Island City, N. Y. 

Tuesday Apteenoon 
Iron and Steel and Refractories 
Chairman, J. V. W. Reynders 

Absorption of Sulfur from Producer Gas. J. H. Nbad, Chief Metallurgist, American 
Rolling Mill Co., Middletown, Ohio. 

Economic Significance of Metalloids in Basic Pig Iron in Basic Open-hearth Practice. 
C. L. Ejnnby, Je., Superintendent of Open Hearth No. 1, Illinois Steel Co., South 
Chicago, HL 

Effect on Steel of Variations in Rate of Cooling in Ingot Mold. William J. Peiestlby, 
Metallurgical Engineer, Electro Metallurgical Sales Corpn., Pittsburgh, Pa, 

Stainless Steel with Particular Reference to the Milder Varieties. J. H. G. Mony- 
PBNNY, F. Inst. P., Chief of Research Lciboratory, Brown Bayleys Steel Works, Ltd., 
Sheffield, England. 

Effect of Coke Combustibility on Stock Descent in the Blast Furnace. P. H. Roystee, 
Assistant Metallurgist, Bureau of Mines, Minneapolis, Minn., and T. L. Joseph, 
Assodede Metallurgist. 

The Story of Pireolay Refractories. Moving pictures. 

Requirements of Refractories for the Open Hearth. F. W. Davis, MetaUvrgist, 
Bureau of Mines, Lmcoln, Neb., and G, A. Bole, SuperintenderU Ceratmc Station, 
Bureau of Mines, Columbus, Ohio. 

Annual Lecture of Institute of Metals Division 
Monday Aitebnoon, Feb. 18 
Chairman, Pres. E. P. Mathewson 

The Trend in the Science of Metals: By Z ay J bppeies, Director of Research, Aluminum 
Castings Co., Gtevelaiid, Ohio. 
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Institute of Metals Division 
Tuesday Afternoon 
Chairman, William B. Price 

Business Session. 

Rome Low Copper-nickel Silvers. William B. Price, Chief Chemist and Metallurgisty 
Scovill Mfg Co., Waterbury, Conn., and C. G. Grant, Metallurgist, ScoviU Mfg. Co. 
Corrosion of Brass as Affected by Grain Size. Robert J. Anderson, Metallurgist, 
Bureau of Mines, Pittsburgh, Pa., and Gborob M. Enos, IrLstructor in Metallurgy, 
University of Cincinnati, Cincinnati, Ohio. 

Relation of Heat Treatment to the Microstructure of 60-40 Brass. Robert S. 
Williams, Associate Professor of Metallography, Massachusetts Institute of Tech- 
nology and Victor 0. Homeebbrg, Instructor in Metallography, Massachmetts 
Institute of Technology, Cambridge, Mass. 

Wednesday Afternoon 
Chairman, George K. Elliott 

Round Table Discussion on Fluxes and Deoxidizers in charge of W. M. Corse. 

Joint Session of the Institute and the Society of Economic Geologists 

Tuesday MoRNiNa 
Chairman, James F. Kemp 

Collection of Elements to be Installed at American Museum of Natural History. 
George F. Kunz, New York City. 

Petrographic Studies of Limestone Alterations at Bingham. A. N. Winchell, 
Professor of Geology and Petrology, University of Wisconsin, Madison, Wis. 
Limestone Ores of Bingham, Utah. Richard N. Hunt, Mining Geologist, Los Angeles, 
Calif. 

Geological Features and Court Decisions of the Bingham District. Orrin P. Pbtbrt 
son, Consulting Geologist, Brookline, Mass. 

Magnetite Deposits of Eastern Porto Rico. Charles R. Fetthe, Ph.D., Assodale 
Professor of Geology and Mineralogy, Carnegie Institute of Technology, Pittsburgh, Pa. 

Tuesday Afternoon 
Symposium on Secondary Enrichment 
Chairman, James F. Kemp 

The subject was introduced by the Chairman, after wliich the following papers 
wore presented: 

Organization and Operations of the Secondary Enrichment Investigation. L. C. 
(5 RATON, 

Rock Alteration Associated with Copper Sulfide Deposits in Igneous and Schistose 
liocks. Edward II. Perry, Augustus Locke, and L, 0 . Graton. 

Oxidation and Enrichment at Ducktown, Tenn. Geoffrey Gilbert. 

Oxichitiou and Enrichment in Shasta County, Calif. L. C. Graton. 

Wednesday Morning 
Chairman, James F. Kemp 

Copper Deposits in the Nikolai Greenstones, KuskulanarKotsina District, Alai^a. 
ijiFBiiip Wakdke. 

The Origins of Rich Silver Ores. Edson 8. Bastin. 

Primary Downward Changes in Ore Deposits. W. H. Emmons. 

Fundamental Conceptions of Secondary Copper Sulfide Enrichment. L. C. Graton. 
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Wednesday Afternoon 

Habit, Etch Structure and Geological Significance of Chalcocite. Alfred Wandrb. 

Hole of Secondary Enricliment in Genesis of Butte Chalcocite. Auoustus Locke, 
D. A. Hall and M, N. Short. 

Primary or Secondary Chalcocite? The Case for Deep Bomite Enrichment. L. C. 
Graton, D, H. McLaughlin, M. N. Short and Alfred Wandkb. 

General Open Discussion of Secondary Enrichment and Other Vertical Changes in 
Grade of Ores. 

Mining Methods 
Tuesday Morning, Feb. 19 
Chairman, B. B. Gottsberger 

Development of Mine Transportation in Clifton-Morenci District, Arizona. Nor- 
man Carmichael, formerly General Manager^ The Arizona Copper Co., and John 
Kiddie, Mine Superintmdefnl, Phelps Dodge Morend Branch, Morend, Ariz. 

Mining Methods of Telluride District. Charles N. Bell, Mining Engineer, Denver, 
Colo. 

Fresnillo Glory-hole Mining Practice. Thomas C. Baker, Assielant to General 
Manager, The Mexican Corpn., Fresnillo, Mexico. 

Business Session, 

Wednesday Morning 
Chairman, B. M. Baymond 

Alaska-Juneau Mine. P. B. Bradley, General SuperirUendent, Alaskor Juneau Gold 
Mining Co., Juneau, Alaska. 

Mining Methods in Mogollon District of New Mexico. S. J. Kidder, General Mana- 
ger, Mogollon Mines Co., Mdgollon, N. M. 

Geology and Mining Methods in Beatson Mine, Aladok. Stephen Birch, New York, 
N. Y. 

Geology and Mining Methods in Kennecott Mines, Alaska. Stephen Birch, 
New York, N. Y. 

Mining Methods and Costs at the Iron Cap Copper Co., Arizona. Charles E. Lees, 
Mine Superintendent, Iron Cap Copper Co., Copper Hill, Ariz. 

Sampling and Estimation of Cordilleran Silver-lead Limestone Beplacemont Deposits. 
Basil Prescott, Coneuliing Geologist, El Paso, Texas. 


Timber Requirements and Reforestation 
Tuesday Afternoon, Feb. 19 
Chai r man , Charles H. MacDowell 
Bound Table Discussion 


CorUribulors 


Charles A. Mitke 
Allan French 
Horace Moses 
W. D. Brennan 
Bobbrt S. Lewis 
Bobert Gardiner 
E. L. Young 
Fred Joites 
E. L. Hartwell 
George O. Argall 
William W. Elmer 

B. M. 


Jambs F, McCarthy 
Stanly A. Easton 

L. K. Armstrong 
J. L. Bruce 

W. P. Chinn 
J. A. Mitohell 

M. M, Duncan 
0, A. WuiSON 

F. C. Wallower 
M. H. Sellers 
Harry Vivian 
Henderson 
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Milling 

Wbdnbsdat Morning, Feb. 20 
Chairman, Galen H. Clevenger 

Paths of Balls in Tube Mills and Rock Crushing by Rolls. Slow Motion Pictures. 
H. E. T. Haultain, Professor of Mining Engineering UnwereUy of Toronto, 
Toronto, Ontario, and P. C. Dyer, Assistant Professor. 

Efficiency of Screening. Robert K. Warner, Assistant Professor of Mining, Yotfs 
Unwersity, New Haven, Conn. 

Surface Reactions in Flotation. A. W. Fahrenwald, E. Jf Met. E., Ore Dressing 
Engineer, Bureau of Mines, Moscow, Idaho. 

Discussion of Work of Milling Methods Committee. 

Joint Meeting with the Mining and Metallurgical Society of America 

Wednesday Afternoon, Feb. 20 
Opportunities for Mining Engineers 
Chairman, B. B. Gottsberger 

New Fields for Mining Engineers in Foreign Countries with Special Reference to the 
Near East. John Wellington Finch. 

The Engineer's Relation to Bankers. Lucnrs W. Mayer. 

Opportunities for Mining Engineers in Coal Mining. R. Dawson Hall, Editor Coal 
Age, New York City. 

Opportunities for Mining Engineers in the Rook Products Industry. Nathan C. 
Rockwood, Editor Rock Products. 

Oxygenated Air 
Wednesday Afternoon, Feb. 20 
Chairman, Bradley Stoughton 

Use of Oxygen or Oxygenated Air in Metallurgical and Allied Processes. F. W , Davis, 
Metallurgist, Bureau of Mines, Washington, D. C. 

Enriched Air in Metallurgy. W. S. Landis, Vice-president, American Cyanamid 
Company, New York, N. Y. 

Effect of Oxygon-enriched Air in Roasting of Zinc Ores. B. M. O'Harra, Associate* 
Metallurgist, Bureau of Mines, Rolla, Mo,; William Kahlbaxjm, Research Chemist 
and Metallvrgist, Missouri School of Mines and Metallurgy, RoUa, Mo.; E. S. 
Wheeler, Assistant Research Metallurgist, Missouri School of Mines and Metallurgy: 
and W. J, Dabby, formerly Graduate PeUow in Metallurgy, Missouri School of Mines 
and Metadvrgy, 

Cheap Oxygon in Metallurgy. Edmund B. Kirby. 

Discussion was conducted under the following subheads 
Use of Oxygenated Air in Iron Blast Furnace. 

Use of Oxygenated Air in Ferro-alloys. 

Use of Oxygenated Air in General Non-ferrous Metallxirgy. 

Application of Oxygen to Bessemeiizing. 

Use of Oxygenated Air in Gas Producers. 

Economic^ Production of Oxygen. 

Contributors 

A. N. Diehl H, A, Wheaton 

Ledtard Heokschbr Waldbmar Dybssen 

R. H. SwEETSEB R. B. Moore 

Leo D. Jones Charles Hart 
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Pbbsbntation of Jambs Douglas Medal 

The gold medal established in honor of Dr. James Douglas, awarded 
for the first time in 1923 to Frederick Laist, was presented to Charles 
Washington Merrill for his achievements in metallurgy, his inventions, 
and especially his improvements in cyanide practice. 

Social Events 

The annual banquet at the Waldorf was one of the largest the Institute 
has held and was a great success. 

The Woman’s Auxiliary, as usual, arranged entertainment for the 
visiting ladies throughout the meeting. 
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What is Steel?* 

Bt Albert SATrratrB,t Cambridoe, Mass. 

As THE years go by, names of distinguished metallurgists will be added 
to the list of Henry Marion Howe lecturers, and now and then an illus- 
trious one, for to be chosen to deliver the Howe lecture will be, I do not 
hesitate to predict, a highly coveted honor. I pray, therefore, your 
indulgence, if I confess to a feeling of gratification in having been ap- 
pointed the first of these lecturers. It does not follow, however, that 
1 am losing all sense of proportion and that I have an exaggerated idea 
of the little I have been able to contribute to our knowledge of iron and 
steel. Indeed, I fuUy realize how small were my claims to so great a 
distinction. I realize, also, that those entrusted with the task of selecting 
a lecturer were actuated, in coming to a decision, by their knowledge 
of the long and intimate friendship that had existed between the leader 
we have lost and myself. For their generous impulse, I thank them from 
the bottom of my heart; and with becoming modesty, I take up my task 
as the first Henry Marion Howe lecturer. 

It would be pleasant and indeed most appropriate to devote this entire 
lecture to a eulogy of Hemy Marion Howe and his work, but how short 
the time for so large an undertaking and how inadequate my qualifications 

On Aug. 28, Sept. 4, 11, and 18, 1875, a series of articles appeared m 
the Engineering & Mining Journal entitled “What is Sted?” With one 
exception, these constitute the first professional paper of Henry Marion 
Howe. That was nearly fifty years ago, three years after graduating 
from Harvard University. He was then but twenty-seven years old 
and already hie keenly inquisitive mind was actively at work. There is a 
touch of romance in this young metallurgist who, on entering his scien- 
tific career, destined to be so brilliant and so fruitful, on the very threshold . 
of it, seems to have selected as his motto “What is Sted?” Like a 
knight-errant of science, he started on his quest for an answer to that 
question, a quest which was to last forty-seven years and which death 
only brought to an end. And while thus engaged how many wonderful 
messages we received from him, each one bringing us nearer to the goal I 
How illuminating, inspiring and encourt^ing were those messages! 
How well equipped he was to wrench from nature some of the secrets 
she so jealously guards! How broad his learning and how dear his 

Annual Henry Marion Howe Memorial Iiecture, delivered at the New 
York Meeting of the Aine]^can histitute of Mining and Metallurgical Engineera, 
Feb. 19, 1924. 

t FroCessar of Metallurgy and Metallography, Harvard Univenity. 
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•WHAT IS STEEL? 


■Tisioiil How great his courage and his genius for work! How kind and 
generous his nature! How passionate his lo've of humanity and democ- 
racy and his abhorrence of injustice and t3^anny! How many of us on 
the point of going astray were called back to the right path by Howe’s 
guiding torch! How much we owe him and how much we love him! 

That Howe should have been able to impart to others the totality of 
his knowledge may be doubted, while unfortimately it has not been 
possible for him ■to communicate to others the faculty he had of using 
that knowledge through his extraordinary power of coordination. This 
is an irreparable loss. The bricks he has left us, but where is to be 
found the mason capable of adding with equal speed and skill to the 
harmonious structure that Howe was building, a structure to which many 
of us will make modest contributions but which of necessity, according 
to the dictates of nature, must forever remain incomplete. If natm’e, 
however, is so reluctant to have her secrets di'srulged, she should not 
permit the birth of men equipped for wrenching those secrets from her. 
In doing so, she follows the course of the maker of war materials who, as 
soon as he has covered his ship •with armor plates believed to be in^vul- 
nerable, bends his efforts to the construction of a projectile capable 
of piercing them. To be sure, but few of these human projectiles 
are bom, and it is only in spots that nature’s protective armor has 
been pierced. 

In selecting for my lecture the same title as the one given by Howe 
to his early articles, I do not intend to convey the impression that I have 
the answer to that question; I merely desire to indicate that we are still 
foUo'wing his footsteps. 

Howe’s professional papers can be counted but their value cannot be 
estimated. They cover the entire field of the metallurgy of iron and 
steel and the study of the nature and properties of these important 
metals. 

In 1875, when young Howe qntered the metallurgical field, our con- 
ception of the nature of steel was very crude and our treatment of it 
purely empidcal, while its manufacture in the United States was still in 
its infancy. Bessemer steel was first made in 1864, and three years later, 
m 1867, we produced only 2679 tons of it. Open-hearth steel was first 
made in 1868, and ia 1869 we manufactured only 900 tons. During his 
long career, Howe ■witnessed the growth of the sted industry from these 
insignificant productions to yearly tormages reaching nearly 40,000,000 
tons of pig iron, 12,000,000 tons of bessemer steel, and 85,000,000 tons 
of open-hearth steel. The treatment of steel was developed into an 
accurate science, while our knowledge of the true constitution, behavior, 
and properties of that metal made wonderful progress. To these develop- 
ments, Howe contributed more than any single metallurgist— indeed, 
possibly more than any two or three of them. 
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As early as 1876, he discussed the thermic curves of blast furnaces. 
In 1882, he suggested a cure for blast-furnace chills; in 1908, he made a 
critical study of the shape of the iron blast furnace; while in his book, 
''Iron, Steel and Other Alloys,” published in 1906, he devotes an impor- 
tant chapter to the reactions of the blast furnace and to its operation. 

He discusses the bessemer process in several of his professional papers, 
giving special attention to the attainment of uniformity. It is hardly 
necessary to recall his masterly description of bessemer plants and their 
equipment in his "Metallurgy of Iron and Steel,” published in 1890. 
In 1899, he discussed the Bertrand-Thiel open-hearth process; in 1908, 
the duplex process for steel making; an5, in 1902, the progress in the 
open-hearth process since 1899. In 1922, Howe and Barba published 
several papers dealing with the acid open-hearth process for the manu- 
facture of gun steels and fine steels. 

His study of the crucible-steel process in his "Metallurgy of Steel” 
wiU long remain a classic. In 1909, he gave his attention to the treat- 
ment of steel in electric furnaces. To the production of sound and homo- 
geneous steel ingots and other castings, Howe gave much thought. Not 
loss than sixteen of his papers, published between 1907 and 1915, deal 
with that important subject. He discussed with rare lucidity the pre- 
vention of piping, the closing and welding of pipes and blowholes, the 
influence of ingot size on segregation, etc. In his "Metallurgy of Steel” 
these subjects are exhaustively treated. 

The corrosion of iron and steel received from him the attention which 
the importance of the subject demands. In three of his papers, he dis- 
cusses "The Relative Corrosion of Wrought Iron and Steel.” 

Alloy or special steels were quite unknown in 1875. Howe, therefore, 
witnessed the birth of these important alloys and their growth to their 
present important position. To this development he contributed abim- 
dantly. What might be called the alloy-steel era was practically ushered 
in by Sir Robert Hadfield’s discovery of manganese steel in 1882. Howe 
devoted much time to the study of that remarkable metal. Four of his 
professional papers deal with it, while he patented a manganese-steel 
mold and a process of making manganese steel. 

To a logical nomenclature of iron and steel, he devoted much study. 
His first paper "What is Steel?” already mentioned, was followed by 
many others dealing with that subject in 1876, 1906, 1909, and 1912. 
He also proposed a nomenclature of the microscopic constituents of iron 
and steel, which has been universally adopted. 

Endowed with the rare gift of clear thinking, and hence of clear exposi- 
tion, his teaching was a source of inspiration to his students. He wrote 
a number of important papers dealing with the art of teaching metallurgy 
and with the , equipment of metallurgioal laboratories. In 1902, be pub- 
lished his well-known laboratory book entitled "Metallurgical Labora- 
tory Notes.” 
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Doctor Burgess writes that Professor Howe’s courses at Columbia 
Univeraty were considered the easiest in the school. No greater com- 
pliment could be paid to a teacher. It testifies not to the simplicity of 
his subject but to his mastery of it. 

"While Howe studied every phase of the manufacture of iron and steel 
and contributed to its advancement, because of the quality of his mind, 
he was naturally attracted with greater force by the scientific aspect of 
metallurgy. The profound study he made of the constitution of iron- 
carbon alloys, of their microstructure and thermal treatment, of what is 
sometimes called the physics of steel, and his brilliant discussions of these 
subjects will forever remain deeply engraved in our minds. As he 
proceeded in his journey, he left behind him many landmarks which make 
it possible for us to foUow his trail in an attempt to reap a little of what he 
sowed. His first paper on the heat treatment of steel was published in 
1888, while in 1891, in his monumental work “The Metallurgy of Steel” 
his description of the crystallization, heat treatment, and physics of steel 
marked an epoch in our scientific study of that metal. This was followed, 
in 1916, by the publication of his “ Metallography of Steel and Cast Iron ” 
where his genius carried him far ahead of his time. It was the publication 
of that book which led me to refer to him on the occasion of the presenta- 
tion of the John Fritz Medal “as a voyager in realms but dimly per- 
ceived by his fellow-workers, as a lone explorer of fields destined to yield 
rich harvests to future generations.” 

Howe teaches us to beware of hasty conclusions. The claims so 
frequently and lightly made by some writers that they have proved their 
contentions are seldom found in Howe’s writings. He is not carried 
away by new theories to the extent of discarding aU others. He gives to 
each the weight to which it is entitled and draws guarded and sound 
conclusions. It is excusable on the part of exponents of new theories 
that they should be unintentionally biased. They, of necessity, wear 
passes throu^ which they perceive a universe in complete harmony with 
their conceptions. For some, it is an amorphous universe; for others, 
it is colloidal; while others still can see it only through space lattices. 
Again, some claim it to be governed solely by the phase rule. Outsiders, 
however, should not wear the same glasses; they should be receptive but 
not too credulous. "We should examine new theories as a workman 
examines new tools and use them with discrimination, avoiding too 
hasty a discard of older tools. There was a time when no paper on 
metallography could be written without prefacing it by a description of 
the phase rule. No metaUurgical phenomenon was to be explained with- 
out its help. "When I published my “Metallography,” in 1912, I was 
criticized by some for not having devoted my first chapter to the phase 
rule, instead of leaving it for the last chapter. Such criticisms are not 
made today, the phase rule having been given the place it should log- 
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ically occupy in our metaJlurgical studies. And so it will be with colloidal 
theories, x-t&j analysis, and other modes of investigation, mental or 
physical, devised by man’s ingenuity. When we are told that the fuzzy 
lines of the a^-^ay spectrum prove the existence of ultramicroscopic crystals 
of alpha iron, and that the existence of these small crystals is the obvious 
reason why quenched steel is hard, we should listen attentively, but we 
should not too lightly accept the claim that the problem of the hardening 
of steel has been taken out of the realm of speculation by this new method 
of investigation. 

When acrobatics performed by atoms are described to us and offered 
with considerable insistence on its finality as an explanation of the 
phenomena of diffusion, solid solution, etc., it is well to remember that 
imagination also plays an important part in this explanation. 

By now describing briefly the results of some experiments conducted 
in the Metallurgical Laboratory of Harvard University, I trust I am not 
wrong in assuming that, should I succeed in adding a little to our knowl- 
edge of the metals in which Howe was so deeply interested, I shall in a 
way honor his memory. May it not be compared to the kind of tribute 
intended by an author in dedicating his work to one for whom he enter- 
tains feelings of respect, admiration, and affection? These experiments 
seem to establish the fact that thermal ranges of critical plasticity 
exist in some iron-carbon alloys. It does not appear that the existence 
of such ranges had been observed before, or at least not as clearly as 
we have been able to observe them. This investigation forms part of the 
thesis presented by Dai Chin Lee for the degree of Doctor of Science. 
They were conducted by Doctor Lee with great skill and thoroughness. 
For lack of time, I am able only to give a brief outline of this investigation 
and to call attention to the most significant results. 

Armco Ingot Iron 

Bars of Armco ingot iron were twisted at different temperatures 
using the arrangement shown in Fig. 1. The bar 8 to be tested is placed 
in an electrically heated tube furnace from which it protrudes at both 
ends. One end is firmly held in a vise V while to the other end, sup- 
ported by passing through a hole in a plate U, is attached the wheel and 
crank H by which the bar is twisted. The temperature of the middle 
of the bar is recorded by the couple T and potentiometer P. From its 
nm,-riTmiTn at the middle, the temperature of the bar decreases gradually 
in both directions, resulting in equal temperatures prevaih'ng at equal 
distances to the right and left of the center. The bars tested were 
^ in. square, and twisting was applied at a uniform speed when the 
following temperatures, in d^ees centigrade, wer^ obtained at the middle 
of the bars: 600, 750, 830, 900, 9i0, 916, 980, , 940, 980, 1000, 1020, 1050, 
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1100, 1200. A bar was also twisted at room temperature. In every 
instance the twisting was continued until fracture occurred. 

The results obtained are clearly shown in Fig. 2a. It will be noted 
that as long as the temperature of the middle of the bar did not exceed 
900® C., the twisting and final fracture took place in the middle. The 
begiiming of the Acs point in this iron was found to be at 910® C. Below 
910® C., it is therefore alpha iron that we are twisting and fracture 



Fig. 1. — debating abrangbmbnt bor twisting tests. 


takes place at or near the middle of the bar; that is, where alpha iron has 
been heated to the highest temperature. It follows that the malleability 
of alpha iron increases with the temperature, being- maximum at the 
highest temperature at which alpha iron can exist, namely, at about 900®. 
This result was to be expected. As soon as the temperature of 910® C. is 
exceeded, however, the middle of the bar is in the gamma condition, 
while at some distance in both directions the iron is in the alpha state. 
Now twisting occurs not at the center of the bar, where the temperature 
is highest, but at two places equidistant from the center and necessarily 
at equal temperatures and rupture finally takes place at one of these 
places. We naturally infer that these portions of ready twisting must be 
near or at 900® 0. Here two inferences are permitted: (1) alpha iron 
at the highest temperature at which it can exist, namely, in the vicinity of 
900® O., is more plastic than gamma iron at 940®, 980®, 1000®, and even at 
1020® C.; or (2) when iron undergoes its alphs^gamma transformation, 
it acquires a temporary plasticity that greatly exceeds the plasticity 
of gamma iron at considerably higher temperatures. In view of the 
very local character of the twisting and of other evidences, which lack 
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of time does not permit me to describe, the second conclusion seems more 
likely to be the correct one. As the temperature of the center of the bar 
increases, the critically twisted portions are located at increasing dis- 
tances from that center. It will be noted that the plasticity of the gamma 



Fig. 26 . — Abmco ingot ikon. 


portion increases until it actually becomes greater than tho plasticity of 
the portion undergoing allotropie transformation, but this condition 
is not reached before the temperature exceeds 1020“ C. At 1200° ()., tho 
plasticity of gamma iron is very pronounced. Tho mechanism of this 
preferential twisting may be described as follows, assuming the bar to 
have been heated at the center to 1000° C.': twisting occurs locally at two 
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places equidistant from the center, where the iron is undergoing aUo- 
tropic transformation and where the temperature, therefore, is in the 
vicinity of 900° C. This twisting strengthens the twisted iron, which 
now resists further twisting, causing the gamma portion to twist. This 
twisted gamma iron being strengthened in turn and resisting further 
twisting, final twisting and fracture generally occur at one of the two 
critically twisted portions. As the temperature increases, the twisting 
of the gamma iron becomes more pronounced. The great resistance to 
twisting of gamma iron between 940° and 980° C. should be noted. The 
results of these experiments justify, I believe, the placing of the range 
of relative non-malleability or of red shortness in Armco ingot iron 
at between 900° and 1025° C., and the statement that this lack of plas- 
ticity is maximum between 930° and 1000° C. 

These tests were repeated on falhng temperature. Fig. 26, that is, 
when portions of the bars equidistant from the middle were xmdergoing 
the Ars transformation. This was obtained by heating the bars until the 
temperature at the middle exceeded, by 50° C., the desired temperature; 
the current was then shut off, and twisting applied as soon as the tem- 
perature desired was recorded. The point An had been located in the 
usual manner at 890° C. The results obtained agree with those resulting 
from twisting on a rising temperature. The critically twisted portions 
of the bars correspond closely to the An transformation. 


Electrolytic Iron 

Similar twisting tests wore appUed to bars of electrolytic iron of great 
purity. The results are shown in Fig. 3. The An transformation in this 
iron was found to begin at 915° C. The bar tested while the middle had 
reached 890° C., that is, while it was still in the alpha condition, twisted 
readily in the center. At 920° C., critical twists are to be observed very 
probably at those portions that were undergoing the alphargamma 
allotropic transformation and these critical twists become more distinct 
and occur at increasing distances from the center as the temperature 
increases. They still persist in the bar heated in the middle to 1080° C.; 
iron undergoing its allotropic transformation in the vicinity of 900° C. 
is more plastic than gamma iron at 1000° C. At 1200° C., however, 
the plasticity of gamma iron is so great that it exceeds that of iron 
undergoing its allotropic transformation, resulting in the disappearance 
of critical twists. 

We naturally infer from these results that electrolytic iron, like 
Armco iron, possesses a temperature range of relative non-malleability 
extending from some 900° to 1000° C. 
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Norway Iron 

A Norway iron bar, Fig. 4, twisted when the center was heated to 
1020® C. clearly shows critical twists indicative of greater plasticity at 
about 900® C. 


Low-carbon Steel 

Bars of commercial steel containing 0.10 per cent, carbon, after 
being subjected to these differential heatings followed by twisting, 
yielded the results shown in Fig. 5. The tests were performed on falling 
temperatures. In this steel the Ar^ point was located at 853® C. The 
bars heated, at the center, to temperatures inferior to 850® C., and 
tested therefore while the ferrite was in the alpha condition, twisted and 



Fio. 4. — Norway iron at 1020° C. 


fractured in the center. Heating to 875® C. and to 900® C., however, 
results in the occurrence of critical twists, corresponding probably to 
the portions of the bars that were undergoing their transformation, 
Arzj and again revealing the fact that iron is then more plastic than 
gamma iron at a considerably higher temperature. At 975® C. and higher 
temperatures, the bars are more plastic in the center and critical twists 
no longer occur. We may conclude that steel containing 0.10 per cent, 
carbon has a thermal range of relative non-maUeability, if not of red short- 
ness, extending from some 850 to 975® C. ; it seems to be most pronounced 
at about 900® C. 

Having uncovered a range of reduced malleability in steel con- 
taining 0.10 per cent, carbon apparently as wide as that which had 
long been known to exist in Armco iron, it will naturally be asked why the 
rolling and forging of low-carbon steel is not attended with the same 
diflBlculty. A tentative explanation may be offered. It is in the region 
of reduced malleability that the absence of suKur is more likely to cause 
red shortness, unless counteracted by sufficient manganese. In Armco 
ingot iron, there is very little sulfur, to be sure, but there is also very little 
manganese. Even this extremely small percentage of sulfur, in the nearly 
complete absence of manganese, may result in red shortness in the zone 
of reduced malleabilitv. Well-made low-carbon steel, although much 
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higher in sulfur than Armco iron, always contains sufficient manganese 
to prevent red shortness in what might be called the critical working 
range. The following observations add much weight to the strength of 
this reasoning: When the sulfur content in Armco ingot iron is less than 
0.01 per cent., the metal can be rolled through the critical working range 
without any indication of red shortness in the practical absence of man- 
ganese, while if the sulfur is about 0.03 per cent., it will likewise be pos- 
sible to work through that range, provided the percentage of manganese 
is above 0.12 per cent. Impossibility of rolling while the metal is cooling 
through its range of reduced malleability without inducing red shortness 
results from the presence of sulfur not completely neutralized by man- 
ganese, and in the nearly complete absence of manganese, as in Armco 
ingot iron, a very small amount of sulfur will suffice. Hence the ease 
with which we can roll low-carbon steel while it cools through its range of 
reduced malleability and the difficulty attached to the same operation 
performed with Armco iron of usual composition. 

Steel Containino 0.30 Per Cent. Carbon 

Differential heating and twisting of commercial steel containing 
0.30 per cent, carbon, performed on rising temperatures, gave the results 
shown in Fig. 6. This steel exhibited the Acb point at 750® C. and the 
Aci point at 708® C. Heating the bars in the center to 750® C. and 
lower temperatures followed by twisting resulted in causing them to 
twist in the center where alpha iron was hottest and therefore most 
plastic. At 775® C. the Ac^ point was exceeded and the center of the bar 
was in the gamma condition; critical twists now appear in those portions 
that were undergoing transformation. At 800® C. and higher tem- 
peratures, the critical twists disappear, the gamma solid solution or 
austenite existing at the center being now more plastic. Steel containing 
0.30 per cent, carbon appears to possess a narrow range of relative non- 
malleability (or of reduced malleability), extending from 770 to 800® C. 

In steel containing 0.50 per cent, or more carbon, the critical twists 
or critical contractions just described do not occur, Fig. 7. This must 
be ascribed to the austenite existing above the A 8,2 or A 8 , 2,1 points in these 
steels having greater plasticity than the same steels during their allo- 
tropic transformations. Note how greatly reduced is this range in steel 
containing 0.30 per cent, carbon; we naturally infer that carbon increases 
the plasticity of gamma iron. It should also be observed that the 
critical twists seem to be closely related to the As point, as they disappear 
when the As point merges with the A 2 point, that is, in steel containing 
ffome 0.40 per cent, or more carbon. 

The thermal range of reduced malleability in iron-carbon alloys to 
which attention has been called may be provisionally and approximately 
represented as in Fig. 8, where it covers the area ABC. 
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Stainless Steel 

Applying similar tests to stainless steel containing 11.90 per cent, 
cliroinium, and 0.32 per cent, carbon, it will be seen that at 750° C. the 
bar twists and ruptures readily in the center, Fig. 9. Heated to 900° C. 



Fig. 6 . — 0.30-fbb cent, cabbon steel. 


at the center, marked critical twists occur, the hottest part of the bar 
being very resistant to twisting. This steel exhibited an upper critical 
point on heating at 871° C. A thermal range of marked reduced mal" 
leabiUty appears to exist in steel of this composition. 

The existence of regions of critical plasticity in bars of iron and 
steel differentially heated may also be revealed by tensile tests, the bars 



Temperature^ Degrees C. 
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being placed in a short tube electrically heated while being tested, 
Fig. 10. It will suffice to present the results obtained with steel con- 
taining 0.10 per cent, carbon, Fig. 11, and with Norway iron. Fig. 12. 
Critical reductions of areas are obtained corresponding to the critical 
twists of the torsional tests, the bars finally rupturing at one of the 
critically reduced sections. It will be noted that so long as the tem- 
perature at the center of the bar does not exceed 850° C. for the steel and 
900° C. for the iron, the bars contract and rupture at or near the middle. 



Fig. 9. — Stainless steel. 

that is, where the alpha iron is at the highest temperature. On increasing 
the temperature at the center of the bars, critical reductions occur 
equidistant from the center, in all probability in the portions of the bars 
undergoing the Az transformation, their plasticity being greater than that 
of the gamma iron nearer the center, although the temperature of the 
latter is considerably higher. Critically reduced sections are still 
observed when the steel bar is heated at the center to 945° C. Higher 
temperatures were not used for the tensile tests. 

The tensile testing of bars of stainless steel, heated at the center to 
900° C., resulted in sharp critical reductions equidistant from that center 
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and in final rupture at one of these; see Fig. 9. Testing a bar of the 
same steel, heated in the middle to 1000® C., caused it to reduce and to 
fracture at the center. These examples of critical reductions of the por- 
tions of the bars undergoing allotropic transformation could be multiplied. 

Fig. 13 shows the relations between the temperature at the mid- 
dle of the test bars and their corresponding tensile strength, elongation 
and reduction of area, in the case of steel containing 0.10 per cent, carbon; 
the thermal curve of the steel has also been included. It will be observed 



Fig. 10. — Heating arrangement for tensile tests. 

that as the temperature increases from 700® to 850® C., the tensile 
strength decreases quite gradually although there is a change of direction 
in the curve corresponding to the point. As long as the temperature 
remains under 850® C., the fracture of the bars occurs in the center where 
the temperature was maximum. This portion of the curve discloses the 
fall of the tensile strength of the aggregate of pearlite and alpha ferrite as 
the temperature increases. When a temperature of 850® C. is reached 
which corresponds to the At^ transformation, minimum tensile strength 
is recorded. On further increase of temperature, the tensile strength 
at first increases and then remains practically constant between 876® 
and 950® C. This constancy of tenacity results from the fact that all 
the bars are now breaking at the same temperature, namely 850® C., 
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prevailing at a certain distance from the center. It represents the 
tensile strength of the steel when undergoing its Arz transformation. 
The fact that the bar heated exactly to 850° C. at its center broke under 
a lower stress may possibly be explained on the ground that a longer 
portion of the bar is then at 850° C. than when the center is heated to a 



Fig. 12. Norway iron. 


higher temperature, resulting, so to speak, in a longer section where 
fracture must occur, it being known that very short reduced sections 
yield higher tensile strength results. Corresponding critical points are 
observed in the elongation and contraction of area curves. 

The results obtained in testing, in the same manner, test bars of Nor- 
way iron are mdicated in Fig. 14. A sharp break in the tensile-strength 
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curve and in the elongation curve will be found to correspond closely to 
the Arz point. The horizontality of the curve, once the Arz point is 
passed, is readily explained. It results from the properties of the metal 
when it is undergoing its Arz transformation. 

The testing of bars of steel containing about 0.50 per cent, carbon 
yielded similar results, Fig. 15. In this steel, however, the tensile 



Fig. 13. — Tensile tests op 0.10-pbr cent, carbon steel under differential 

HEATING. 

strength falls steadily after the Ar Z32 point is passed instead of remaining 
constant. This is due to the fact that the bars are now breaking in the 
center and therefore at increasing temperatures owing to the absence 
of critical contractions or critical twists, as clearly revealed by an exami- 
nation of the bars. 


Summary 

Twisting and tensile stresses applied to iron and steel bars heated 
at the middle to predetermined temperatures, the temperature falling 
gradually toward both ends of the bars, give the following results: 
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Fio. 14 . — Tensile tests op Noewat iron under differential heating. 
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1. In iron and in steel exhibiting an independent ^3 point, hence 
in iron and in steel containing less than some 0.40 per cent, carbon, when 
the bars are heated in the middle to temperatures inferior to that point, 
they undergo twisting or contraction and final rupture near the center 
where the temperature was maximum. 

When the bars are heated above their point into a range of tem- 
perature which, in carbon-less iron, covers about 100® C. (from 900® to 
1000®), and which is gradually depressed and narrowed as the carbon 
increases, occurring between 770® and 800® C. in steel containing 0.30 
per cent, carbon and being nil when Az merges with A 2 , they twist or 
contract critically and finally rupture at some distance from the center 
where the temperature was that of the A3 point. 

When the bars are heated above that range they again twist or con- 
tract and rupture at the center where the temperature is maximum. 

2. In iron-carbon alloys that do not exhibit an independent A3 
point, and, therefore, in alloys containing more than some 0.40 per cent, 
carbon, critical twists or contractions do not occur, the bars always 
breaking in the middle. 
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The Nature of Martensite 

By Edgar C. Bain,* Dunkirk, N. Y. 

(New York Meeting, February, 1924) 

In studying the structural characteristics of martensite it is desirable 
that a clear conception of the material from which martensite is produced 
should first be obtained. Any theory of its formation and structure 
incompatible with the facts of its parent substance, austenite, can be 
eliminated with little consideration. 

Austenite is the name applied to solid solutions of carbon and other 
elements in gamma iron. At temperatures above about 900® C. (1650® F.), 
pure ii*on exists in a system of crystallinity^ entirely different from the 
crystal structure below that temperature. This high-temperature 
allotrope of iron is of an atomic structure associated with great ductility, 
having very manifold symmetry and an abundance of easy slip planes. 
The exceptionally ductile and malleable metals (gold, silver, platinum, 
copper, aluminum, and nickel) have this same atomic arrangement — 
the face-centered cubic. The low-temperature allotrope of iron, alpha 
iron, the solid solutions of which are known as ferrite, has a body-centered 
cubic arrangement of atoms. Like it, in crystal structure, are the less 
ductile and malleable metals, molybdenum, tungsten, titanium and 
chromium. Fig. 1 shows the two atomic arrangements known in iron; 
the diagrams are drawn to scale. 

Either of these modifications of iron may dissolve other elements in 
the solid state; by so doing, the temperature of the transformation is 
changed. In general*”^, it appears that a solid solvent metal dissolves a 
metal solute by substituting foreign atoms in its own space lattice. 
Thus, iron may dissolve nickel in either of its crystalline forms by per- 
mitting an atom of nickel here and there to occupy the normal position 


* Research Metallurgist, Atlas Steel Corpn, 

1 Edgar C. Bain: Studies of Crystal Structure with X-rays. Chem. <& Met, 
Eng. (1921) 26, 663. 

Ame Westgren: Roentgen Spectrographic Investigations of Iron and Steel. 
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Edgar 0. Bain: The Nature of Solid Solutions. Chem, d? Met, Eng, (1923) 
28, 21. 
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of an iron atom in the pure~iron crystal arrangement. In the case of 
gamma iron, any number of the points of the iron space lattice may be 
released to nickel, up to 100 per cent.; it becomes problematical when 
one should say nickel dissolved in gamma iron or iron dissolved in nickel 
and it seems logical to choose the 50-50 atomic proportion as the dividing 
point. In alpha iron, however, only a limited number of the normal 
iron points of the lattice may be occupied by nickel atoms. 

So much has been published recently on the nature of solid solutions 
that it is, perhaps, unnecessary to point out that the substitution of 
solute atoms for solvent atoms in the space lattice of the latter seems 
always to alter the average spacing of the atoms. Large atoms stretch the 
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Pig. 1. — Comparative stettctures op 

GAMMA IROI^ AND ALPHA IRON. 


Fig. 2. — Possible section through 
GRAIN op austenite ON PRINCIPAL BLIP 
PLANE, SHOWING DISTORTION OP LATTICE 
NEAR CARBON ATOM,* NOTE WARPED 
PLANES. 


lattice and small ones shrink it; but the unlike atoms seem always to pack 
more closely than their normal volumes would indicate. The paii*s 
of metals that form solid solutions, but no intermetallic compounds, show 
the least force (practically niV) tending to draw together; while, in general, 
those pairs with greatest ‘‘chemical affinity^' show the greatest inordinate 
shrinkage. The solid solution of any other metal, either soft or hard, 
brittle or ductile, invariably hardens the metal acting as solvent. The 
hardening effect seems to depend somewhat on the disparity® in size of 
solvent and solute metal atoms and on this chemical affinity as well. 
We may, with some assurance, assume that the hardness of solid solutions 
is a matter of the distortion of the space lattice in the vicinity of the 
foreign atom. At any rate there is indication of definite interatomic 
forces between unlike atoms in solid solution, whether or not tho free 


• A. L. Norbury: The Volumes Occupied by the Solute Atoms in Certain Metallic 
Solid Solutions and Their Hardening Effects. Trans. Faraday Soc. (1923). 

Zay Jeffries and R. S. Archer: The Modem Conception of Solid Solutions. 
& Ma, Eng. (1923) 29 , 923, 966. 
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electrons become mutually j&xed by this condition, as would be indicated 
by the increase in electrical resistivity with increase in proportion of 
solute metal. 

Pure iron in the gamma condition can dissolve up to 1.7 per cent, 
carbon; while in the alpha condition probably not more than 0.08 per cent, 
is dissolved. When one considers the nature of the atomic arrangement 
in gamma iron, it is not apparent why carbon can be dissolved up to 7.4 
atomic per cent, in gamma iron and so very meagerly in alpha iron. It 
may be that the ease of finding three iron atoms symmetrically arranged 
for the carbon atom to hold more or less tenaciously in the face-centered 
lattice and the complete lack of such possibility in the body-centered 
lattice has some bearing on the cause of this difference in behavior. 
At any rate, the great disparity in size between the carbon atom and the 
iron atom and the strong chemical aflS.nity between these elements will 
cause marked distortion in the regular atomic arrangement in austenite. 

We may then picture a face-centered cubic lattice of iron atoms, with 
here and there violent distortion around a carbon atom, as the edifice 
known as a grain of austenite which, on proper treatment, is to rearrange 
to form martensite or to collapse to produce troostite or sorbite. A 
section through a principal slip plane of this material is shown diagram- 
matically in Fig. 2; this may be what coxild be seen if the atom centers 
were visible to an ''a:-ray eye." 

In the solution of copper in aluminum, while copper is added to molten 
aluminum, slow cooling of a 4-per cent, alloy does not throw out copper, 
but CuAla is precipitated. From accurate density determinations and 
atomic space measurements, we are certain that the copper atom is 
substituting for the aluminum atom in the solid solution, but the com- 
pound is precipitated. The material precipitated has no bearing upon 
the state of existence in the solid solution, as Hoyt^ has pointed out. 
Similarly, it is the author's opinion that carbon is atomically dispersed® 
in austenite. The strongest reason for this opinion is the absence of the 
typical comentite magnetic behavior in wholly austenitic alloy steels 
containing much carbon, and its immediate appearance after drawing to 
permit formation of microscopic particles of FesC. The magnetic prop- 


^ S. L. Hoyt: “Metallography. Metals and Common Alloys,” 162. New York, 
N. y. 1921. McGraw-Hill Book Co. 

s While the point is of interest it is not vital to our theories of solid solution. AH 
alloys of metals in metals so far studied seem to be atomically dispersed in the maimer 
described but it seems likely that when a compound of metal and non-metal dis- 
solves in a solid metal there may be a substitution of a molecule for an atom. Thus 
CujO in Cu probably forms by having a CuaO molecule occupy the ordinary normal 
Cu point. The oxygen atom probably is carried along with the copper much as the 
electrons are carried by the nucleus. It is possible, too, that PdHa enters into the 
pd lattice substituting for a Pd atom. 
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erties of a material are so subtly connected with the molecule itself that 
were PesC present even in single molecules, we would find it diflScult to 
explain the absence of the 200° C. (390° F.) magnetic phenomenon. 
The exact condition of carbon in austenite, however, is not vital to 
this study. 

In the decomposition of austenite there are, in the main, two feats 
to accomplish. The one is the elimination of dissolved carbon, for the 
carbon becomes gradually less soluble down to 700° C. (1290° F.) and 
very abruptly almost insoluble below this temperature; the other is the 
transformation of gamma iron to alpha iron. These two phenomena are 
intimately inter-related but may, for convenience, be considered sepa- 
rately. Indeed, martensite immediately after formation represents the 
product of the change from the gamma to alpha condition of the iron 
with the carbon entirely unmolested as to position and association by 
the action. 

It is perhaps instructive to contemplate the natm*e of carbon-iron 
alloys, if there were no alpha modification of iron.® We should have the 
solidus hne of our diagram as at present. The junction of the Aom hue 
with this solidus at 1075° C. (1970° F.) and 1.7 per cent, carbon would, 
of course, mark the upper end of a much longer A cm line extending to a 
very small carbon concentration indeed at room temperature. 

We should have a heat-treating schedule for this hypothetical steel 
very similar indeed to that of duralumin, except for actual temperatures. 
The material would be heated to dissolve most of the cementite for forg- 
ing; the quench would be from a temperature that would leave some 
carbide particles to inhibit excessive grain growth, this quenched solid 
solution would be relatively soft. To harden, the steel would be drawn to 
a temperature allowing for the unstable solid solution to precipitate the 
excess cementite in critically sized particles for keying the austenite slip 
planes. This temperature would be such as, in the time allotted, would 
increase the mobility of the atoms to an extent permitting crystallization 
of cementite of optimum grain size. Such a material might have very 
desirable properties and, while not so hard as martensite, would probably 
have a Brinell hardness of 500-550. 

The complication of the abrupt change in crystal structure of iron, with 
its attendant sudden change in solubility for carbon, has made the 
mechanism of hardening of steel vastly harder to understand. In pure 
iron, there is no known method of preventing, or even retarding, the 
allotropic change at 900° C. (1650° F.). On heating iron (in the alpha 
condition) to this temperature, a complete recrystallization takes place. 
New grains form and grain growth is rapid. If this gamma iron is cooled, 
a new set of grains of new orientations form which also grow rapidly. 
There is reason to believe that the number of nuclei from which either 


• S. L. Hoyt: Op. cif., 147. 
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the gamma or the alpha grains begin to grow is not relatively large. 
At any rate, heating quickly just above GOO" C. (1650° F.) and instantly 
quenching with utmost severity suflSces to produce only a moderate 
refinement of grain. This refinement of grain and concurrent resistance 
to slip by end obstruction is not sufficient to cause an increase of hardness 
in pure iron at all comparable with that of the grain “fragmentation” 
of cold work. 

We could expect only this condition. The temperature for the 
alpha-gamma transformation in pure iron is so high that it is not only 
above the recrystallizing temperature for cold-worked iron but is in a 
range for very rapid grain growth. With no obstructing material and a 
few nuclei, ideal conditions are provided for good grain size even in the 
briefest time; but with the presence of dissolved carbon in the gamma 
iron or austenite, we have very different circumstances. 

As regards grain refinement the result of even low-carbon steel is 
very different from that of pure iron. Two tendencies are at work to 
cause this. The temperatme for grain growth is raised by the addition of 
even a small amount of a dissolved metaJ; hence grain growth in austenite 
is retarded by the presence of carbon. This carbon also tends to lower 
the temperature of the transformation, causing it to occur accompanied 
by much less atomic mobility. If the carbide has precipitated at once 
in the new small ferrite grains, their growth is enormously retarded by 
its presence. Any discontinuity in a metal affords a local inhibition to 
grain growth. 

It is not surprising, then, that at as low carbon content as 0.20 per 
cent., by extremely rapid cooling an almost entirely distinct appearance in 
the carbon-iron alloy is obtained. The characteristic acicular structure 
is seen under the microscope; and by the quench into iced brine, the 
austenite has changed to a material with twice the Brinell hardness 
ntunber of the annealed alloy. Higher carbon content gives increasingly 
greater hardness by this treatment; to such material the name martensite 
has been given. 

The hypoeutectoid steel has been considered, in the foregoing 
paragraphs, to stress the vast effect of even a little carbon in the struc- 
ture obtained. In the further discussion, reference will, in general, be 
made to iron-carbon alloys of higher carbon content, such as tool steel. 
In considering causes of hardness, the author utilizes the convenient 
conception of the mechanism of hardening known as “slip interference 
theory of hardness”*^ originally touched on in a small way by Henry M. 
Howe and later amplified and adapted for general usefulness by Jeffries 
and Archer. An explanation for hardness might be found in the exist- 
ence of : (1) a solid solution whereia the solute exerted much distortion on 

’ Zay Jeffries and K. S. Archer: The Slip Interference Theory of the Hardening 
of Metals. Chem:& Met. Eng. (1921) 24, 1057. 
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the lattice, (2) extremely fine grains or grain fragments, (3) hard pai*ticles 
of critical size to key slip planes. For ordinary martensite, we would 
choose the second possible cause with much less information than that 
which is now available. 

As a matter of fact, the author demonstrated, by computing the 
amount of diffusion occasioned in the diffracted beam of monochromatic 
a:-rays by different sized crystals, that martensite even when formed 
from coarse austenite is extremely fine-grained; possibly perfect Crystal- 
Unity does not extend over a distance greater than 50-100 atom rows. 
Inasmuch as we know of no other material in aU metal practice consist- 
ing of such grain size or effective grain size, it is diflS^cult to say whether or 
not this property alone of martensite is responsible for all the hardness, 
but certainly it is the main cause of its excessive hardness. 

In any case, except the most drastic quenches of the higher carbon 
iron-carbon alloys, the martensite is wholly alpha iron. For this infor- 
mation we are practically forced to accept the results from aj-ray diffrac- 
tion.® We must probably conclude that freshly quenched martensite is 
essentially extremely fine-grained ferrite. But having noted that the 
allotropic change has been accompUshed in the formation of martensite, 
what of the carbon? 

To Portevin and Garvin® and to Chapin,^® we owe much for throw- 
ing Ught on the sequence of the changes in hardening steel. They have 
proved conclusively that martensite, at least in most steels, including 
alloy steels, forms at low temperatures. The formation of martensite 
appears to depend on lowering the temperature of the austenite so quickly 
below 600° C. (1110° F.) or perhaps 550° C. (1020° F.) that lessened 
atomic mobiUty cannot permit the diffusion of carbon in the mass to 
form FesC. Indeed, the work just referred to shows that by very rapid 
quenching to 200° C. (390° F.) or 300° C. (575° F.) a hypereutcctoid 
steel may be retained austenitic for several minutes, after which it becomes 
martensitic. If any considerable time is permitted in the cooling from 
the austenite condition to 100° or 200° below the critical, there is sufficient 

® At the same time that martensite was being studied by the arrays, low-carbon 
steel was held at a great variety of temperatures while the diffraction pattern was 
recorded. The iron samples were heated by electric current and protected from 
oxidation by an argon atmosphere or the samples were made to form the filament in 
tiny incandescent lamp-tubes very transparent to a^-rays. By cither method no 
pattern other than that of ferrite was obtained below the As temperature. This 
body-centered form was recorded for the betar-iron range. These results were obtained 
independently by Westgren in Sweden. Further, no allotrope of iron was found 
for the blue-heat phenomenon, only alpha iron was found for this range. 

• A. M. Portevin and M. Garvin: The Fundamental Investigation of the Influence 
of the Bate of Cooling on the Hardening of Carbon Steels. JvtX, Iron <fc Stool Inst. 
(1919) 99 , 469. 

W. B. Chapin: Properties of Some Steels in the Hardening Bango. Tram* 
Am Soc. for Steel Treat. (1922) 2, 607. 
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atomic mobility for carbon migration so that troosite may form without 
any martensite whatever; this point will be taken up later. Chapin 
finds that these alloys expand continuously until wholly martensitic, 
whereupon they contract as they become troostitic or sorbitic. It is on 
this circumstance that we can base our belief that freshly quenched 
martensite is without any cementite particles. For cementite is the most 
dense of the constituents of steel and on formation increases the density 
(sp. gr.) of steel nearly to what it was in the austenitic condition. Ferrite 
is least dense. Hence, the minirmim density marks the complete 
destiTiction of austenite and the earliest stages of cementite precipitation. 
With carefully prepared martensite, Honda^^ has been able to establish 
the absence of cementite just as in austenite and to cause its appearance 
magnetically by heating to 300® C. (575° F.). We may now amplify 
our definition of martensite by including carbon atomically dispersed in 
extremely fine-grained ferrite. The size of the ferrite grains is certainly 
in the colloid range. 

But this freshly quenched martensite is not a commercial material 
and is most ephemeral. At room temperature, cementite begins to 
precipitate out at a decreasing rate; at higher temperatures it precipitates 
more rapidly. Fortunately this precipitation does not continue to 
occur to form supercritical sized particles at room temperature. The 
outstanding characteristic, perhaps, of martensite is the complete allo- 
tropic change from gamma to alpha iron and the completely suppressed 
precipitation of carbide. 

Some of the above conceptions regarding martensite have been set 
forth by Jeffries and Archer^* who have discussed these points in 
considerable detail. The present author will present his views regarding 
a possible mechanism of the martensite transformation. 

It is reasonable to suppose that the iron atoms in austenite rearrange 
with no difficulty at all in pure iron to form ferrite. We are familiar 
with the speed with which the cold-worked grain fragments are wholly 
recrystallized on the annealing of pure metals after being drawn or rolled 
into wire or sheet; indeed they may almost fiash into large grains. But 
the allotropic rearrangement of iron at 300° C. (575° F.) or lower is not 
likely to be accomplished in the same easy manner; the spacings are more 
rigidly preserved. With carbon present, we know that the austenite is 
enormously stabilized; therefore, it is a reasonable assumption that the 
portions of an austenite grain most remote from carbon atoms will form 
the nuclei for the transformation and that those regions having the 
lowest concentration of carbon atoms for any reason will transform first. 

Kdtaro Honda: On Magnetic Analysis as a Means of Studying the Structure 
of SteeL Jnl. Iron & Steel Inst. (1918) 98, 375. 

Zay Jeffries and B. S. Archer: The Hardening of Steel. Trma, Am. Soc. for 
Steel Treat. (1923) 263-304. 
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There may even be a small tendency for carbon to recede some distance 
from the &st alpha iron nucleus, thereby enriching slightly the remaining 
austenite. This would explain the interesting findings of Hanemann^® 
as to carbon content of martensite and adjacent austenite. It is reason- 
able, also, that the atoms themselves will rearrange with the greatest 
possible facility by a method that will require the least temporary 
distortion; we cannot expect an atom to squeeze through some narrow 
spacing, for instance. A mode of atomic shift requiring minimum motion 
was conceived by the author some months ago and was later discussed 
with Dr. Ancel St. John who, in the meantime, had thought^of the same 
scheme of things and accepted it as highly probable. It*^ is not 
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Fig. 4. — Body-centered tetragonal 
LATTICE OP austenite AND BODY-CEN- 
TERED CUBIC LATTICE OP ALPHA IRON 
PRODUCED BY ^‘UP^SETTINO’’ TUB FOR- 
MER; DRAWN TO SCALE FOR COMPARISON. 


surprising that this should have occurred, as it is the only easy method 
of constructing a body-centered atomic structure from the facc-centorcd 
cubic crystal. 

In lig. 3 is shown a portion of an austenite lattice. If one regards 
the centers of faces as corners of a new unit, a body-centered structure 
is already at hand; however, it is tetragonal instead of cubic, as scon in 
Fig. 4. Thus austenite might equally well be spoken of as a body- 
centered tetragonal crystal with axial ratio 1.414. The dimensions of 
this crystal imit are approximately 3.592 Angstrom units height 
(0.0000000141 in.) by 2.54 Angstrom units edge (0.00000001 in.). To 
form alpha iron, this body-centered square prism must shorten from 3.592 
Angstroms to 2.86 Angstroms in height and simultaneously expand in 
edge from 2.54 Angstroms to 2.86 Angstroms. Fig. 4 shows, to scale, 


A splendid account of the retention of distinctive coloration of austonitic and 
martensitic areas after drawing by Hanemonn is given in Hoyt’s "Metallography; 
Metals and Common Alloys,’’ 166. 
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this change. There are three axes in the austenite grain on which this 
change may take place by the “upsetting” procedure just indicated. 
This procedure must give a very fine grain in the alpha condition after 
transformation, else the martensite will fall to a powder. Suppose 
that there is a succession of lattice points pressing together along one 
axis and opening up in the other two. Unless this movement is com- 
pensated by encountering soon the opposite state of affairs along any 
given direction a rupture would ensue. This procedure would probably 
account for a structure consisting of plates and spars, but it is not to be 
supposed that the long needles one sees in an austenite-martensite 
mixture are wholly of one orientation. These needles might represent 
the path taken by this alternate compression and extension movement. 
Tremendous forces tending toward rotation would accompany any 
progression of this change along an austenite axis. Accordingly the 
unchanged austenite islands in the course of martensitization would 
doubtless be turned about, and likewise fragments of martensite might 
also be twisted. If this were not the case we should find only a few 
orientations of ferrite in a single austenite grain after transformation; 
this most certainly is not the case. That this compensating action is 
in effect may be inferred from the fact that the old austenite grain 
boundaries are often fairly well preserved after the change; but that 
there are also extensions and compressions locally developed is shown 
by the roughening of a polished surface of austenite after martensitiza- 
tion is brought about by cooling to liquid-air temperatures. 

It is the author’s opinion that, in martensite, there is a vast amount 
of very poorly crystallized material having warped planes and such im- 
perfections. With so many nuclei in a material of such rigidity, the 
last austenite to rearrange imperfectly between two crystallites of alpha 
iron must find that a compromise for its atom positions is necessary, to 
conform to the directional forces from both grains. Furthermore, in 
these regions last to change, the carbon atoms are most plentiful and 
they would further resist perfect crystallinity. There is probably a 
greater proportion of this so-called amorphous material of low crystal- 
linity present in martensite than in any other known metallic aggregate, 
including cored crystals. At low temperatures, such an arrangement of 
atoms would be very hard indeed; it would also be a structure that would 
begin to recrystallize at low temperature. 

It is interesting to note that in high-carbon steels there is a range of 
minimum rate for the allotropic change to take place if the austenite 
has been safely brought down through the normal temperature for 
change at 700° C. (1290° F.). The austenite-martensite change is 
quite sluggish between room temperature and 350° C. (660° F.). 
Cooling to liquid-air temperature or heating above this range accelerates 
the change enormously. The rate of change in very high-carbon steel 

VOX /, vckj — 3 
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is so slow that the author has frequently found by a^■^ay analysis a good 
proportion of austenite present after many weeks in ordinary carbon 
steels. 

In this connection, it may perhaps be fitting to suggest that a danger 
lies in using our words too loosely as applied to the structural constitu- 
ents of steel. As an example, in high-carbon steel, freshly quenched, 
a good portion of austenite seems to be retained. However, the 
author would question the statement, ''The martensite microstructure 
indicates the existence of a mixture of alpha- and gamma-iron crystals, 
the proportion of gamma-iron crystals decreasing and the proportion 
of alpha-iron crystals increasing as the structure approaches the troosti- 
tic,'^ found in Zornig’s "Examination of Steel by the X-ray Spectro- 
meter.'^ Of course, this mixture might have been named martensite 
but to use this word arbitrarily for this mixed condition would confuse 
our description in literature hopelessly. The author finds that this gamma- 
alpha mixture is softer than the "de-austenitized" martensite resulting 
from a liquid-air treatment. Further, the acicular structure is plainly 
seen (especially in lower carbon steel) when the iron is wholly alpha. 
It would appear doubtful that we can include any gamma iron 
as a necessary part of martensite. Great care should be exorcised to 
stabilize the language of steel treating. 

It appears that at temperatures nearly as high as the critical, tiny 
cementite particles can be precipitated simultaneously with, or oven 
partly ahead of, the allotropic gamma-alpha transformation. Thus 
troostite is formed without the formation of martensite. If, however, 
the carbon has not been allowed to migrate and concentrate to form such 
crystallites at the time of the transformation of the iiun stnicturc, marten- 
site is formed. It then proceeds to throw out cementite at once (oven 
at room temperature) and at higher temperature the cementite becomes 
of suflScient grain size to form troostite; this latter method is the usual 
procedure in forming troostite. It appears that troostite is merely 
fine ferrite with cementite particles of a certain size range precipitated 
therein. This size is supercritical on the one hand (troostite being 
always softer than martensite) and not large enough to slow up solution 
in acid on the other hand. It seems possible the cementite particles 
act as the cathodes in a myriad of tiny cells when steel is .dissolved in 
acid. If these tiny spots for hydrogen evolution arc too far apart, the 
action is retarded. If the carbon is atomic or combined in mohscules 
of a very small number of atoms, it appears to protect the iron from acid 
attack. The maximum action takes place at some intermediate size; this 
region results from a troostitic state. As the particles grow larger, 
we have the sorbitic and finally the spheroidized cementite conditions 
with a smooth succession of lower hardness values. 


S. L. Hoyt; Op. cii., 179. 
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To summarize, we have: 

Austenite, a face-centered, cubic, gamma-iron lattice with carbon in 
solid solution. Carbon atoms probably, although not positively, occupy 
normal iron points in the space lattice. This structure is stabilized by 
carbon particularly when retained in an unstable condition at tempera- 
tures between room temperature and 350“ C. (660° F.). 

Freshly quenched martensite, not important; only a transient condition. 
Extremely distorted and fine-grained ferrite grains (equivalent to 50-100 
atom rows in size) in which carbon is mechanically held in atomic dis- 
persion, a pseudo-solid solution. Probably this substance contains much 
amorphous or badly crystallized iron. 

Martensite, extremely fine-grained alpha iron, but with some carbon 
associated with iron to form FesC in particles not larger than the critical 
size in extent. 

Troostite, somewhat larger, and much more perfectly formed crystals 
of ferrite in which supercritically sized particles of F^C are precipitated. 

Sorbite, same as troostite but with further growth of ferrite grains 
and FegC crystallites or particles. These Fe»C particles are probably 
not far from 1000 atom rows in diameter. 

Unfortunately, it is probably true that the occurrence of the magnetic 
change in iron so near the temperature of the atomic rearrangements, 
and concomitant abrupt change in carbon solubility, has actually served 
to obscure the mechanism of the hardening of steel. Occurring in this 
range, explanations for both effects were attempted most logically; 
whereas in all probability the abrupt change in magnetism is due to some 
cause within the atom which might, so far as atomic arrangement is 
concerned, have occurred at any other temperature. However, new 
means of study invariably open up new problems and it may be necessary 
to know of these changes within the atom that cause allotropy, etc., 
in which case we will probably find that all of the phenomena of heat 
treatment are results of subtle alterations in relations of electron 
and nucleus. 


DISCUSSION 

Angel St. John, New York, N. Y. — As the author has said, he and I 
independently, and almost simultaneously, reached the same conclusions 
as to the mechanism of the transformation from austenite to martensite 
but his able presentation of the idea leaves little to be said. It appeared 
to be of interest, however, to prepare some models, using cork balls to 
represent the location of atom centers and needles to join an atom center 
to its nearest neighbors. 

In Fig. 5, the small model on the left-hand side represents fourteen 
atoms, forming a face-centered cubic group characteristic of gamma iron. 
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The small model on the right represents nine atoms, forming a body- 
centered cubic group characteristic of alpha iron. The large model on 
the right represents thirty-five atoms, forming a larger cubic group of the 
body-centered type, as emphasized by the nine black balls. The large 
model on the left represents the same number of atoms at the same dis- 
tances from their nearest neighbors, but enough closer together hori- 



Fig. 5. 


zontally and farther apart vertically to bring them into the face-centorcd 
cubic arrangement, as emphasized by the fourteen black balls, while 
preserving the body-centered characteristic in the tetragonal instead of 
the cubic form. The two structures, gamma iron on the left and alpha 
iron on the right, are similar except that the gamma iron is longer and 
more slender. 

For some reason, which we do not understand, iron atoms when 
sufficiently agitated, i. e., at high temperatures, prefer to arrange them- 
selves in the form shown on the left; at low temperatures in the form 
shown on the right. In passing from the one temperatrire zone to the 
other, whether during heating or cooling, the atoms will tend to change 
their arrangement. A little consideration will show that the transforma- 
tion can scarcely take place throughout each grain uniformly, for stresses 
will be set up by the considerable dimensional changes involved sufficient 
to cause local rupture. The original grains will disintegrate spontaneously 
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into a lot of small '^grainlets/^ making a sort of granitic mass. Carbon 
atoms present points of incipient stress and will tend to promote the 
transformation, thus decreasing the degree of agitation required or lower- 
ing the transformation temperature, and at the same time will tend to 
increase the degree of fragmentation. 

It is of interest to consider what may happen in a particular instance. 
In the face-centered cubic arrangement each atom is surrounded by twelve 
others equidistant from it. If one of such a group of atoms is carbon and 
the other twelve are iron, the composition will be Fei 2 C or 0.176 percent, 
carbon. This suggests a structure for saturated austenite. If for reasons 
best known to themselves the carbon atom and three iron atoms, at a 
certain temperature, separate from the group to form a little group FesC 
of their own Feg will remain. But FesC is suggestive of cementite and 
Feg is suggestive of the body-centered cubic grouping in ferrite, and it 
may be that the secret of the true relationships of austenite, martensite, 
cementite, and ferrite is to be found in these very facts. 

Henry S. Rawdon,* Washington, D. C. (written discussion). — One 
of the most important points in the author's premises is the assumption 
that pure iron cannot be hardened by simple thermal means, as can the 
iron-carbon solid solution. The statements, on pages 28 and 29, to this 
effect require correction. Pure iron, at least iron of the purity of the 
electrolytically deposited variety (0.02 per cent, carbon) can and has been 
hardened by thermal means; moreover the degree of hardness produced is 
far greater than can be produced by cold working. 

To do this, the heat must be concentrated on a tiny mass of metal and 
it must be cooled with extreme rapidity. This can be accomplished, with 
ease, by using a small pencil of the iron as one contact and a polished block 
of the iron for the other contact of a high-potential spark gap. An 
electric ‘'stylograph," such as is used for writing on metals, is admirable 
for the purpose. By means of the electric spark, a very small volume of 
iron is heated above its fusion point (1530° C.) and cooled immediately; 
the rate of cooling is exceedingly rapid. No attempts have been made to 
measure the rate, even approximately, in the experiments that have been 
carried out from time to time at the Bureau of Standards. However, 
the finger tip can be placed upon the spot immediately after the spark 
has passed without any feeling of discomfort. 

To what extent the allotropic transformation in the iron is sup- 
pressed or interfered with by this rapid cooling is entirely a matter of 
speculation. The fact, however, that iron heated and cooled in this way 
is very hard, can be readily demonstrated by measurements made by 
the scratch-hardness method, the test being carried out after very light 
grinding and polishing of the “sparked" surface of the specimen. 

* Physicist, Bureau of Standards. 
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It is very essential when conducting these experiments that the two 
contacts be of pure iron in order to eliminate all possible chance for 
contamination of the fused spot. 

Electrolytic nickel when sparked in a similar manner, an electrode 
of nickel being used, gave quite different results. Although the metal 
was heated above its fusion temperature (1452° C.) and cooled as rapidly 
as before, thus giving an exceedingly fine grain, no measurable difference 
in scratch hardness was detected in the sparked area” as compared with 
the rest of the surface of specimen. Copper, when suitably sparked,” 
gave results analogous to those obtained with nickel. The conclusion is 
obvious: the gain in hardness of the iron must be attributed to 
the allotropic change characteristic of this metal. The photomicro- 
graphs in Fig, 6 illustrate results obtained in this manner. As might be 
expected, the addition of a small amount of carbon aids in the hardening 
of the iron. Steel of 0.07 per cent, carbon, when fused by sparking and 
cooled immediately, has a hard glasslike surface over which the jewel 
point of the scratch-hardness instrument glides without making any 
appreciable cut. These results are presented, not for discrediting in 
any way the author's excellent discussion, but rather for emphasizing 
what appears, to the writer, to be the most essential point of the paper. 
The results obtained in the experiments on the spark^g of iron are not 
extensive enough to warrant much speculation. However, if one were to 
venture an explanation of the nature of martensite, on the basis of these 
results, it would bo one that would amplify and emphasize the author's 
suggestion (page 33) when he states that “in martensite there is a vast 
amount of very poorly crystallized material having warped planes and 
such imperfections.” Carbon does not seem to be fundamentally essen- 
tial in the hardening process although it is a powerful adjunct. Whether 
grain size is to be considered as one of the essentials depends of course on 
the definition and concept of this term. 

Jerome Alexander, New York, N. Y. — Some of the views presented 
might bo explained along the idea advanced a number of years ago by 
Prof. Theodore W. Richards, which is that atoms are compressible. We 
commonly have boon speculating on and dealing with atoms as though 
they always had one fixed size, whereas Richards showed quite con- 
clusively that atoms are to bo regarded as compressible. 

Another difficulty that always confronts us in matters of this kind is 
the difficulty in deciding when we have solid solution and when we have 
chemical combination. With all due respect to the a;-ray spectographic 
evidence, I hardly see how that is going to be conclusive, for it is pretty 
generally conceded that sodium chloride is a chemical compound and 
yet the x-ray spectrometer shows an fibsolutely definite crystal lattice. 
Are you going to consider sodium chloride a solid solution of chlorine 
and sodium? In other words, where are you going to draw the line 
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between solid solution and chemical combination if you reduce down 
to atomic dimensions? 

It is just one way of looking at the facts. Take the case of austenite: 
Apparently the a;-ray spectrometer shows that we have carbon atoms 
dispersed. Somebody went so far as to say that there is no such thing 
as a molecule of sodium chloride, that the whole crystal of sodium 
chloride is the molecule with billions upon billions of atoms of each 
kind in it. 

In a question of this kind we can learn a great deal by taking analogies 
that are even a little clearer than the cases referred to here in iron; for 
example, the dispersions of gold in glass, which can be followed ultra- 
microscopically and also with the r-ray spectrometer. Generally speak- 
ing, it may be said that dispersions of gold, which are too fine to be seen 
even in the ultramicroscope, show the definite crystal lattice of gold. 
Scherer did that work some time ago on aqueous gold dispersions. 

Take a piece of transparent ruby glass: they call it ''colorless ruby 
glass,’’ because in making ruby glass you first dissolve gold in the glass 
and then, by a gradual reheating, allow the particles of gold to grow until 
they become ultramicroscopically visible, and that is what gives the glass 
the red color. In other words, the glass is colorless until the little 
crystals of gold have grown to a size where they are visible in the ultra- 
microscope; then the color gradually develops. Way below microscopic 
dimensions, however, there are apparently crystal nuclei formed; and as a 
consequence, the chilling of the ruby glass will control the number of 
little particles of gold that are in it. When there are a very largo 
number of small crystals of gold the color of the glass will be a 
beautiful ruby color; whereas, if the original chilling is of such a nature 
that there are fewer nuclei, but larger ones, when tempered the finished 
glass will have a smaller number of large gold particles, which gives the 
glass a dirty violet color, sometimes running into a brownish color and 
spoiling it as ruby glass. 

I will repeat these points: First, atoms are compressible, and there 
is no reason why, as the temperature drops, the atoms should not squeeze 
together and actually occupy less space and even shift their positions. 
Then comes the question as to where we are to draw the lino of demarca- 
tion between solid solution and chemical combination; it is questionable 
whether we are going to be able to draw a sharp line in that particular 
case. Also there is the question of the analogy between what happens in 
metals and what happens throughout nature. 

The fact that martensite is the hardest phase that we meet in all the 
forms of steel is quite coincident with a whole series of phenomena that 
we find generally throughout coUoidal dispersions; that is, there is a zone 
where maximum colloidal properties are distributed. The basic principle 
imderlying this seems to be something of this nature: The specific surface 
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(by which I mean the total free or exterior surface per gram figured on the 
basis that you have spheres to deal with, which of course is only approxi- 
mately true) will plot as a hyperbola against decreasing particle size. 

Another factor is the kinetic motion of particles. That ordinarily 
starts at about zero with particles one micron in diameter and slowly 
increases until the kinetic motion rises with great rapidity. Langmuir 
told me, I think, that theoretically the motion of a molecule of gaseous 
hydrogen was in the neighborhood of 4000 ft. per sec. So that those two 
curves will cross, which means that where the particles are larger than 
colloidal dimensions the free surface is rather small but the kinetic motion 
is practically zero. 

When the particles approach molecular dispersion, the free surface 
becomes enormous and ordinarily would hold the particles fixed, as a 
result of the play of surface forces; but the kinetic motion in all aqueous 
dispersions where the particles are free to move is so great that it over- 
powers any tendency of the particles to hold together. Between those 
two extremes is the zone of maximum colloidal effect, where there is a 
balance between free surface and kinetic motion. 

You may say that in metals there is no kinetic motion. Roberts- 
Auston laid sheets of gold and lead together and found they diffused 
together if given sufiicient time. I do not see why similar things cannot 
happen here (that is, atomic migration to a very minute extent) although 
perhaps not in steel. 

Angel St. John. — If we could imagine the existence of a continuous 
solid solution of sodium in chlorine in various proportions, we could 
think of the special case in which we have fifty-fifty proportions 
atomically, as having an arrangement such as is characteristic of sodium 
chloride as we know it; that would be the intermetaUic compoimd NaCl, 
but there would be the continuous series of solutions of sodium and chlorine 
on both sides of it. 

We can think, in the same way, of the case of solid solutions, for 
instance, of nickel in iron. You can add nickel to iron up to certain 
proportions, but at a certain composition (which happens to be one nickel 
atom for every three iron atoms) an entirely different crystalline habit 
appears and you go on with the solid solution of what now is really iron 
and nickel. That one case of FcsNi you could consider as an intermetaUic 
compound, but there arc cases where you do not have any range of solid 
solution at all but where you do get intermetaUic compounds. 

It is correct, from one point of view, to say that a crystal of sodium 
chloride is the molecule of sodium chloride, because it is absolutely impos- 
sible to pick out some atoms and say, “This sodium and this chlorine 
belong together and aU others are ranged simUarly.” You cannot pick 
out any one particular group. But if you take AljOg, you can pick out 
particiUar groups of two aluminum and three oxygen atoms and those 
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groups repeat themselves over and over again to form the structure. 
That brings out the point of distinction between a continuous structure 
and a structure of groups. The thing that would be the molecule would 
be the smallest structure which, repeated over and over again, would give 
us the entire large structure. 

Thus, we are right in saying that sodium chloride is NaCl because you 
can take one sodium atom and one chlorine and repeat this group over 
and over, and get the whole structure. That, probably, is the most 
sensible point of view in regard to what constitutes the molecule in inter- 
metallic compounds, or solid solutions, or whatever you please, if you 
want to talk of a molecule. 

The same considerations apply to steel as to ruby glass; in fact, 
the author has measured the dimensions of colloidal particles in 
martensite and has found them to be of dimensions that lie within the 
ooUoldal range. I have carried other materials through from only ten 
atoms in diameter up to where they were of microscopic visible size. 

Jerome Alexander. — 1 am pleased to hear that martensite was at 
about the point of maximum coUoidality; Professor Benedicks, of Sweden, 
claimed that colloidal dimensioDS only appeared in troostite. 

Edgar C. Bain. — The change is continuous. 

Jerome Alexander. — I am quite positive that he said colloidal 
dimensions only began with troostite. I differed with him on that, not 
so much from the metallurgical standpoint as by reasoning that nature is 
not going to do anything unusual with metals. 

Howard Scott, Washington, D. C. (written discussion). — Steel is a 
unique alloy in that it behaves both as a binary alloy whose components 
are insoluble in the solid state and as one whose components are soluble in 
the solid state, the system followed depending only on the cooling rate 
from the critical point. We are indebted to the author, and others, for 
the final and conclusive proof that the product of fast cooling, martensite, 
is a true solid solution. The possibility of this fact has long been sus- 
pected, but it remained for as-ray analysis to produce conclusive evidence 
of its truth. This finding clarified our knowledge of hardening, but it 
also introduced new problems. 

One of these problems, which is attacked by the author, is the cause 
of the extreme hardness of martensite. He follows Jeffries and Archer 
in ascribing the hardness of martensite to a critical submicroscopic grain 
size indicated by x-ray analysis. This hypothesis assumes that the grain 
size is quite independent of the quenching temperature and the cooling 
rate for these variables have little effect on the hardness of martensite. 
Eawdon and Epstein have shown*'* that the hardness of martensitic 
carbon steels are not materially affected by the quenching temperature. 


u Bureau of Standards Sci. Paper 452. 
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It has been shown that the cooling rate during the hardening transforma- 
tion has little effect on the hardness of martensite. The experiment was 
as follows: Several specimens of an oil-hardening steel were quenched 
simultaneously in oil and withdrawn just before the hardening transfor- 
mation was reached. They were then cooled at different rates to room 
temperature. The values of the hardness obtained with the Rock- 
well diamond-cone test differed by less than 6 per cent, between the 



Tempering Tempera+ure,D«tgrees C. 


Fig. 7. 

extreme limits of the final cooling rates used, namely air cooling and 
water quenching. 

These experimental results show that the hardness of martensite 
is practically independent of the quenching temperature and of the cool- 
ing rate. It is not conceivable that the grain size is, unaffected by these 
factors. Indeed the author indicates that the grain size is a function of 
both the quenching temperature and the cooling rate. Hence the 
hypothesis is not compatible with the observed hardness relations. 

On the other hand, there is substantial evidence that the hardness 
is directly related to the amount of dissolved carbon. The amount 


” Bureau of Standards Progress Report to the Gage Steel Committee, No. 12. 




44 


NATURE OF MARTENSITE 


of dissolved carbon is not affected by the quenching temperature, when 
the critical ranges are exceeded, or by the cooling rate, when it is faster 
than the critical cooling rate. The effect of these variables on the 
hardness is also insignificant and indicates a close relation between 
the hardness and the amount of dissolved carbon. This conclusion is 
further supported by the observed relations between hardness and 
tempering temperature. It has been shown from the intensity of the 



heat evolution on reheating hardened carbon steels^^ that the amount, 
of dissolved carbon decreases with increasing rate as the temperature 
is raised up to 260*^ C. The hardness varies in the same manner. Figs. 
7^ and 8. The inference is obvious; the hardness of martensite is 
directly associated with the amount of dissolved carbon. The author 
states that carbon distorts the space lattice of iron and has a strong chem-* 
ical affinity for iron. Are not these facts sufficient to explain the great 
hardness of martensite without recourse to the involved grain size theory? 

In developing his argument, the author states that freshly quenched 
martensite is in a transient condition. He implies that the changes with 

Bureau of Standards 8ci, Paper 396, 
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time are caused by sluggishness of the hardening transformation and by 
the precipitation of carbon from solid solution. It can be shown that 
neither of these changes is of sufficient magnitude to justify this assertion 
without qualification. The first proposition, that the change from aus- 
tenite to martensite is not complete when room temperature is reached, 
is contradicted by the length changes of hardened steel with time. 
Measurements of the changes with time of normally water-hardened steel 
untempered from the initial length measured a few hours after hardening 
show a consistent shrinkage. An austenitic carbon steel behaved in 
the same way. If the transformation continued with time the steel 
would expand. 

That there is a precipitation of carbon with time is true; the shrinkage 
with time indicates that. The change is, however, very small and even 
in the most pronounced cases is less than 0.0005 in. per in. This shrink- 
age is less than that produced by tempering at 100® C. The heating 
curves of hardened steels, referred to above, show that the amount of 
carbon precipitated at so low a temperature as this is insignificant in 
comparison with the total amount dissolved. There is, then, no sig- 
nificant difference between martensite freshly quenched to ordinary 
temperatures and the same material after aging, at ordinary temperatures, 
for weeks, months, or years. 

In conclusion, it should be stated that martensite is here used in the 
sense of a mixture of alpha- and gamma-iron solid solutions. There is 
considerable evidence, including that from a^-ray analysis, that there is 
some austenite in normally hardened tool steel. If this term is restricted 
to the pure alpha-iron solid solution, as the author appropriately suggests, 
we lose a convenient term for the description of hardened tool steel and 
must substitute a cumbersome one such ^s martensite-austenite or else 
invent another. 

Edgar C. Bain (author’s reply to discussion), — The procedure, 
described by Mr. Rawdon, for hardening iron by rapidly quenching a 
small lake of the molten metal in a cold block by means of its own thermal 
conductivity is very interesting. Assuming that no contamination of 
the iron took place, one may well be surprised at the formation of carbon- 
less martensite in this manner. Such a rapid quench from such a high 
temperature, however, might well produce very fine gi*ains and purely 
crystallized grains as well. It would appear that no precautions were 
taken to preclude the formation of the nitride of iron from the air, and 
this nitride may well function similarly to cementite in the formation of 
a kind of martensite. Until these experiments are repeated in vacuo, 
and inert gases, they cannot be considered as demonstrating the harden- 
ing of pure iron. 

Referring to Mr. Scott’s discussion, it is generally accepted, as has 
been said, that the hardness of martensite of a definite carbon content is 
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not greatly affected by the quenching temperature, or cooling rate, pro- 
vided that the cooling rate is more rapid than a certain critical one. This 
is to be expected, because if the cooling rate is sufihciently rapid to carry 
the steel below the normal transformation point as austenite, the mar- 
tensite results after some time at 300° to 400° F. Martensite forms 
in carbon steels, apparently, in any event, only at this low temperature. 
If the carbon content is unusually high, the austenite persists even then. 
With very low carbon content, there is no characteristic formation 
of martensite at this temperature, and the grain refinement then depends 
on the rate of cooling through the range of gamma-alpha transformation. 
It is then, not incompatible with the argument to find that martensite 
hardness is largely unchanged with rate of cooling and temperature 
of quench. 
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Stainless Steel, with Particular Reference to the Milder 
Varieties (Stainless Iron) 

By John H. G. Monypbnny,* F. Inst. P., Sheffield, England 

(New York Meeting, February, 1024) 

The range of chromium content of stainless steel is, in most cases, 
included in the limits 11 to 14 per cent., or the middle part of the range, 
9 to 16 per cent., specified by the discoverer. For some time after the 
steel was produced commercially, the carbon content was about 0.3 to 
0.4 per cent, and occasionally higher; only rarely was material with 0.25 
per cent, carbon or less produced. The reason for this is obvious from the 
nature of the alloys of chromium available for making such steels; as 
the lowest carbon content generally available was about 1 per cent., and 
this in conjunction with a chromium content of about 60 per cent., the 
production of a 12-per cent, chromium steel with less than 0.25 to 0.30 
per cent, carbon was impossible. The advent, on a reasonable com- 
mercial scale, of carbonless ferrochromium has modified this condition, 
however, so that for the last three years stainless material containing 
0.1 per cent, or less carbon and the normal amount of chromium has been 
on the market. As far as the author is aware, the material was first made 
on a commercial scale by the firm with which he is associated in June, 
1920, when a 5- or 6-ton cast of material containing 0.07 per cent, carbon 
and 11.7 per cent, chromium was made and cast into 12-in. ingots. 

The necessity for using a totally different raw material, carbonless 
ferrochromium, instead of the ordinary low-carbon ferro (0.6 to 1.0 per 
cent, carbon) has led to the idea that stainless iron is a quite distinct 
product and quite different from stainless steel. While this may be 
true from a commercial aspect, it is wrong metallurgically. The name 
stainless iron is unfortunate as the material is a very mild stainless steel 
and forms the lowest carbon member of a series of steels of continuously 
varying content which are, in many respects, the counterpart of the 
series of ordinary carbon steels ranging from ^'dead soft” to tool steels. 
In an article on stainless steel in the Journal of the Society of Chemical 
Industry, November, 1920, the author said “Just as in the far-off days 
'steep was regarded as a hard product of iron, and little or no attempt was 
made to grade it into harder or softer varieties, so at present stainless 

* Chief of Research Laboratory, Brown Bayley's Steel Works, Ltd. 
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steel is, to most people, a product having only one distinct set of properties, 
many regarding it solely as a special type of cutlery steel. In times gone 
by, as the use of steel became more general, it was realized that by vary- 
ing the content of carbon or manganese, steels of widely different intrinsic 
hardness could be produced, and for each purpose some definite ^ temper’ of 
steel was best suited. In the same way, as the use of stainless steel 
becomes more general, it will be found that products of different intrinsic 
hardness (corresponding to the varieties of ordinary steel) can be pro- 
duced, all of them having the distinguishing property of great resistance 
to corrosion, but varying among themselves as soft or mild steel differs 
from file steel. For each use of stainless steel there will be an opti- 
mum temper.” 

The addition of large amounts of chromium to steel produces a num- 
ber of characteristic effects on the properties of the steel. Of these 
effects, the four following are of particular interest from the point of view 
of the general properties of stainless material. The addition of chromium 
to steel: (1) Lowers the carbon content of the eutectoid, pearlite, to a 
considerable degree; (2) raises the temperatures at which the carbon 
change points (Aci and Ari) occur; (3) diminishes very markedly the 
speed of diffusion of the carbon in the steel; (4) induces notable air- 
hardening properties in the material. 

In a previous paper^ the author described a series of experiments for 
determining the eutectoid ratio of a series of chromium steels and also of 
the solubility lines of the excess carbide. From the results obtained, the 
value of the eutectoid composition, as affected by varying chromium 
content, was plotted in a curve, which is reproduced in Fig. 1. From 
this it will be seen that at 12 per cent, chromium the eutectoid contains 
slightly more than 0.3 per cent, carbon. Further work by the author 
using as a base the lower carbon material now available (and which ho 
hopes to have ready for publication in the near future) has shown that 
these earlier determinations were substantially accurate. It will bo 
evident from the value of the eutectoid in stainless material that carbon 
has a much greater effect in producing steel in such high-chromium 
material than in iron free from this alloying metal, and also that the range 
of carbon content of such high-chromium steels is much more restricted 
than in chromium-free steels. For example, from a structural point of 
view, annealed material containing 12 per cent, chromium and 0.5 
per cent, carbon corresponds to a tool steel containing 1.3 to 1,5 per 
cent, carbon. 

The changes in structure and properties induced in all stainless stools 
will be much more readily understandable if attention is first given to a 
steel of eutectoid composition, or very slightly hypoeutcctoid. As a 

1 The Stnxeture of Some Chromium Steels. Jnl. Iron and Stool Inst. ( 1920) 101, 493. 
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convenient starting point, it is well to obtain the steel as a homogeneous 
mass of martensite and because chromium raises the temperature at which 
A Cl occurs and diminishes the speed of diffusion of the carbide, a fairly 
high temperature is necessary to obtain this. If such a steel containing 
12 per cent, chromium and 0.25 to 0.3 per cent, carbon is quenched or 
air cooled in reasonably small pieces from a temperature of 1000° C. or 
over, it will consist entirely of martensite and will have a Brinell hardness 
number of the order of 500. In this condition, the whole of the chromium 
is in solution in the iron. By tempering, changes are produced similar 
to those obtained on heating a hardened sample of ordinary carbon steel, 
except that the changes occur at much higher temperatures. With the 
stainless sample, the martensite remains almost unchanged up to about 



Fig. 1. — Influence of chromium on 

BUTBOTOID POINT OF STEEL. 



Fig. 2. — ^Influence of tempering on the 
Brinell hardness of previously hardened 

SAMPLES (all pieces WATER-QUENCHED PROM 
TEMPERING TEMPERATURES). CuRVE A, STAIN- 
LESS STEEL OP BUTECTOID COMPOSITION HARD- 
ENED AT 1050° C. Curve B, ordinary carbon 
TOOL STEEL. CuRVE C, STAINLESS IRON HARD- 
ENED AT 950° C. 


600° C, the hardness being also almost unaffected. Between 500° and 
600° C., tempering takes place rather suddenly and the hardness falls 
rapidly to about 250 to 300. The martensite, meanwhile, is replaced by 
very fine sorbite or troostite, consisting of very fine particles of carbide, 
almost ultramicroscopic, embedded in a ground mass of ferrite. From 
600° C, up to about 760° to 800° C., the hardness falls slowly and steadily 
to about 200 and in this range the particles of carbide, which have sepa- 
rated out previously, gradually coalesce into larger globules. Curve A, 
Fig. 2, shows the Brinell hardness numbers obtained on tempering such a 
steel at gradually increasing temperatures. Curve B represents the 
results obtained on ordinary carbon tool steel. The three ranges of 
temperature described above are clearly indicated in curve il; on the other 

voii. LaDc.--4 
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Figs. 3-6. — Microstructurh of stainless steel 0.3 per cent, carbon (approxi- 
mately eotbctoid). 

Fig. 3.— Hardened and tempered 750® C. X 1000. 

Fig. 4. — Hardened 900® C. X 1000. 

Fig. 5. — ^Annealed at 1050® 0. (peablitic). X 1000. 

Fig. 6.— Annealed at 900® C. (glob-olar). X 1000. 
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hand the hardness of the tool steel falls almost uniformly. On continuing 
the heating of the stainless steel, the Aci change occurs at about 800° C. 
or higher, there being a well-defined absorption of heat. Whereas in ordi- 
nary steels, the solution of the carbide at the Aci point takes place very 
rapidly, in stainless steels, as in all high-chromium steels, it takes place 
much more slowly. The consequence is that in such steels the absorption 
of heat, which is generally referred to as Aci, is only the commencement 
of that change for only part of the eutectoid carbide dissolves, the 
remainder going progressively into solution as the temperature rises over 
a range of 150° to 200° C. (For convenience, however, this point will 
hereafter be referred to as Aci.) As a result, stainless steel does not 
attain its full hardness on quenching immediately above the Aci point; the 
hardness increases as the temperature rises over the range mentioned 
above, as shown in the right-hand portion of curve A, Fig. 2. Fig. 3 
shows the structure of stainless steel containing 0.3 per cent, carbon after 
hardening and fully tempering while Fig. 4 shows the same steel hardened 
at 900° C. and illustrates the amount of carbide still undissolved. When 
quenched from 1000° C. or over, the structure of such a steel consists of 
martensite only. 

The effect of chromium in retarding the solution of the eutectoid 
carbide is evident even with small amounts of chromium; thus, in the 
paper previously mentioned, the author showed that a steel with 0.37 
per cent, carbon and 2.8 per cent, chromium (the eutectoid for this 
amount of chromium contains 0.62 per cent, carbon) contained quite 
a large amount of free carbide when quenched from 850° after soaking 
at that temperature 1 hr., notwithstanding the fact that the Aci point 
occurred about 60° C. lower, or at 790° C. More recently, Whiteley^ 
has shown that there is a similar lag, though over a very much smaller 
range of temperature, in the solution of part of the carbide of the pearlite 
in ordinaiy carbon steels. 

It has been mentioned that high-chromium steels possess notable 
air-hardening properties. The production of hardness, however, 
depends on the rate of cooling in precisely the same way as with ordinary 
carbon steels, although the actual values of the rates necessary to give 
similar effects with the two types of steel are widely different. Thus 
with ordinary carbon steel, recent experiments by Portevin and Garvin® 
have shown that to harden such steel the rate of cooling should be such 
that the time taken to cool from 700° to 200° C. is not more than about 
10 sec. With stainless steel, however, much slower rates may be used 
and the steel remain hard. There is, nevertheless, a fairly definite rate of 
cooling that must be exceeded to bring about hardening; the rate, however, 
varies, in any given steel, with the temperature from which the steel is 

* Jnl. Iron and Steel Inst. (1922) 106, 339. 

^Jnl, Iron and Steel Inst. (1919) 99, 469. 
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cooled. The higher this temperature is above the Aci point, the slower 
is the rate at which the steel may be cooled and yet be hardened. This is 
illustrated in Fig. 7, which represents the Brinell hardness numbers 
obtained on samples of stainless steel of approximately eutectoid com- 
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Fig. 7. — ^Influence of cooling 
BATE ON Brinell hardness of stain- 
less STEEL. Curve A , cooled from 
860° C. Curve B , cooled from 
1200“ C. 


position cooled at different rates from 
860° and from 1200° C., the rate of 
cooling being measured by the time 
taken to cool over the range 850° to 
550° C. To obtain a Brinell hardness 
number of at least 400, the cooling 
time should not exceed about 2 min. 
when cooled from 860° but may reach 
60 min. when the maximum tempera- 
ture is 1200° C. With slower rates of 
cooling than these, the steels become 
progressively softer until the com- 
pletely annealed condition is obtained. 
If the maximum temperature has been 
sufficiently high to dissolve all the 


carbide, on complete annealing, a 
pearlitic structure is obtained as shown in Fig. 5. If, however, the 
whole of the carbide was not dissolved, the structure is granular 
(Fig. 6), being similar to that produced on hardening and fully tempering, 
except that the granules of carbide are ihuch coarser. In either case the 


steel has a tensile strength of about 40 tons per square inch and is prop- 
erly described as being in the annealed condition. It will be obvious from 
what has been said and from Fig. 7 that if it is necessary to anneal the 
steel for any particular purpose, the temperature of annealing should 
exceed the Aci point by as small a margin as possible in order that the 
cooling period may not be unduly prolonged in obtaining the maxi- 
mum softness. 


When annealed at high temperatures (i.e,, 960° C. and above), lower 
carbon steels show mixtures of ferrite and pearlite similar to those of or- 
dinary mild steels, except that there is a distinct tendency for the ferrite 
to contain isolated globules and laminae of carbide. Fig. 8 shows an 
annealed steel containing 0.15 per cent, carbon. When the carbon is 
reduced to the limits generally found in stainless iron, the carbide in the 
pearlite tends to ball up so that such low-carbon material, when annealed, 
often consists of ferrite grains with globules of carbide (see Fig. 9). On 
the other hand, when air cooled or quenched from such high tempcratm*cs, 
these hypoeutectoid steels consist entirely of martensite, unless the 
carbon content is very low, when free ferrite may also be present, depend- 
ing on the rate of cooling and on the composition of the steel (apart from 
carbon and chromium). 
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Fig. 8. — Mild stainleas steel 0.15 per cent. C, annealed 1060“ 0. X 760. 
Fig. 9. — Stainless iron 0.07 per cent, C, annealed 1050° C. X 760. 

Fig. 10. — Material in Fig. 8 after water hardening at 900° C. (showing 
OARBIDB undissolved). X 760. 

Fig. 11. — Stainless iron 0.07 per cent. C and 13.3 per cent. Cr, water 
QUENCHED 875° C. SHOWING CARBIDE UNDISSOLVED. X 1500. 




54 


STAINLESS STEEL 


On tempering hardened samples of the low-carbon alloys, the Brinell 
hardness number falls in a manner analogous to that of the higher carbon 
steel, as shown in curve C, Fig. 2. On passing the carbon change point, 
the carbide in the pearlite behaves in a similar manner to that in eutectoid 
steel; that is, part of it dissolves at the actual absorption of heat and the 
remainder as the temperature rises. The temperature required for com- 
plete solution of the carbide under ordinary conditions of heating 
soaking for to 1 hr. at maximum temperature) depends on the previous 

distribution of the carbide; if the latter is evenly distributed, as occurs 
when a previously fully hardened sample is reheated, the complete 
solution is obtained somewhat earlier than if the steel were previously 
annealed so as to give a structure of ferrite and pearlite. The per- 
sistence of the carbide particles may be illustrated by Fig. 10, which 
shows the steel in Fig. 8 after heating for 1 hr. at 900° C. followed by 
quenching in water. Even in extremely mild steels, carbide may be 
detected in samples quenched 50° to 100° above the carbon change point; 
Fig. 11 shows a steel with 0.07 per cent, carbon and 13.3 per cent, 
chromium water-quenched at 875° G. and shows the presence of ferrite, 
martensite and free carbide. 

The Acz line for these steels has not been completely worked out — its 
position appears to vary with variations in content of silicon, manganese, 
and nickel, small but varying amounts of which are almost invariably 
found in stainless steel. The ferrite however is gradually dissolved as the 
temperature rises above the Aci point; Figs. 12 and 13 show the steel 
mentioned above (carbon 0.07 per cent, and chromium 13.3 per cent.) 
after quenching from 850° and 900° C., respectively. At higher tem- 
peratures the structure became entirely martensitic. After hardening 
and tempering, the low-carbon alloys consist of ferrite with globules of 
carbide evenly distributed (see Fig. 14). 

Hypereutectoid steels behave in a manner analogous to ordinary high- 
carbon steels. The excess carbide gradually dissolves after the pearlite 
carbide has been completely taken into solution. In the paper previously 
referred to, the author traced out the solubility line of the free carbide in 
a steel containing 11.2 per cent, chromium. 

Influence or Composition and Heat Tbeatmbnt on Hesistancb to 

Corrosion 

Whatever theory is held as to the cause of the corrosion of iron, 
there can be no doubt that commercially pure iron is soluble in water of 
ordinary purity. By the presence of sufficient chromium in solid solution 
in the iron, this solubility is reduced practically to zero. There is also 
little doubt that heterogeneity in a metal tends to increase corrosion 
owing to galvanic effects. This is noticeable in the case of ordinary steels ; 
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Fia. 12. — Stainless xeon 0,07 per cent. C, 13.3 per cent. Cr, water hard- 
ened 850® C. (Brinbll 238). X 750. 

Fig. 13. — Stainless iron 0.07 per cent. C, 13.3 per cent. Cr, water hard- 
ened 900® C. (Brinell 281). X 750. 

Fig. 14. — Stainless iron 0.07 per cent. C, 13.3 per cent. Cr, hardened 
950® C. AND tempered 700® C. (Brinell 174). X 1000. 

Fig. 15.— High-carbon stainless steel (1.0 per cent, carbon) showing 
CORROSION ROUND CARBIDE. X 500. 
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the carbide present is electronegative to the iron and, other things being 
equal, steels tend to corrode faster than pure iron. The same effect is 
obtained in stainless steels; with any given steel, the greatest resistance 
to corrosion is obtained after quenching in such a manner as to give a 
homogeneous martensite while the least resistant form produced by heat 
treatment is obtained by annealing the steel so as to produce a complete 
separation of carbide and ferrite. 

In the case of stainless steels, the separation of carbide not only 
tends to decrease the resistance to corrosion, owing to galvanic effects, 
but it lowers the concentration of the chromium in solution in the iron, 
for the carbide that separates out contains a large amount of chromium; 
hence the ground mass of iron is not so insoluble as when it contained 
the whole of the chromium in solution. The actual composition of 
the carbide in stainless steel has not been settled definitely but the ratio 
of chromium to carbon in it is approximately 10 to 1. The presence of 
about 0.3 per cent, carbon, therefore, locks up about 3 per cent, chromium 
in the carbide and hence reduces by that amount, in a fully annealed 
steel, the chromium available for conferring insolubility. 

With any given steel the effect of variations in heat treatment may be 
summarized as follows: 


Hardening 

The greatest resistance will be obtained by quenching from a tem- 
perature suflGiciently high to dissolve all the carbide in the steel. In 
practice, however, it is found that with a temperature of 900° to 950° C., 
the ground mass produced on quenching a steel of normal composition 
is practically insoluble in water and that increasing the temperature 
beyond this range produces no marked improvement; on the other hand 
it seriously increases the risk of cracking during hardening. 


Tempering 

From the fact that no appreciable loss in hardness is obtained by 
tempering up to 500° C. and also that after such tempering the structure 
of a previously hardened sample is still martensitic, it would not be 
expected that such tempering would have any great effect on the resis- 
tance to corrosion of the hardened material. This has been found, 
experimentally, to be the case and it is of great importance commercially, 
for such tempering removes, to a great extent, the internal stresses set up 
during hardening and also improves the ductility of the steel. 

The sudden marked faU in hardness produced on tempering between 
500° and 600° C. is accompanied by a lessened resistance to corrosion of 
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the material. Such material may stain when tested with vinegar^ 
(depending on the carbon and chromium contents) but even on prolonged 
immersion in this fluid it is attacked extremely slowly. It is practically 
insoluble in water; for example, small cylinders of the steel in this condi- 
tion have been kept in slowly running water for over 12 months without 
the slightest signs of any action taking place. Similar samples kept on 
the seashore between high- and low-water marks for 6 months have 
shown only quite negligible amoimts of corrosion. 

Very little effect is produced by increasing the tempering temperature 
from 600° C. up to about 760° C. Much of the tempering effect taking 
place in this range of temperature is due to the cosdescence into larger 
globules of the carbide previously separated. 

Annealing 

It has already been mentioned that stainless material is less resistant 
when annealed than after other forms of heat treatment. Even when 
annealed, however, it rusts extremely slowly. 

Cold Work 

Although possibly not strictly a condition of heat treatment, it may 
be convenient to consider the effects of cold work on the resistance of 
stainless material. Most metals distorted by cold work have a greater 
tendency to corrode than when in the normal condition. Stainless steel 
is no exception to this and when severely distorted it rusts comparatively 
readily; for example, a coil of severely cold-drawn wire will rust into a 
solid mass if left exposed to the atmosphere for a few months. The 
comparative resistance of the distorted and undistorted material can be 
shown by placing half a broken tensile test piece of stainless steel, hard- 
ened and tempered (which had been polished aU over before breaking) 
in a solution of sodium chloride; corrosion will commence at the distorted 
end. As to whether corrosion will take place or not under stated condi- 
tions, after a small amount of distortion, depends on the composition of 
the steel and can only be settled by actual experiment but the lessened 
resistance is always produced just as it is by tempering a hardened 
sample. It is for this reason that a polished surface on stainless steel 
is more resistant than a roughly machined surface; the effect is due, 
however, not to the presence of polish on the former but to the absence 
of the distorted akin which is produced by rough machining. There is 
also an indirect advantage in a polished surface; such a surface, being 

* The vinegar teat oonsists in placing a drop of vinegar on a polished aiMace and 
allowing it to dry; this test is more severe than placing the artidle in vin^ar for 12 
to 24 hours. 



58 


STAINLESS STEEL 


smooth, offers less opportunity for the lodgment of dust than a rough 
surface and, therefore, less chance of local pitting because of galvanic 
effects liable to be produced by some kinds of dust. 

Composition 

The important variables from the point of view of corrosion are the 
chromium and carbon contents. Normal stainless steel contains 11 to 
14 per cent, chromium; with less than 11 per cent, chromium, a notable 
resistance to corrosion may be obtained if the carbon content and heat 
treatment are suitably chosen. For example, steel containing 8.6 per 
cent, chromium, after it had been water-quenched from 1150® C., was 
quite stainless to vinegar but its mechanical properties in this condition 
were an effective bar to its use for many purposes. 

In a similar manner, increasing the chromium content to 20 or 30 
per cent, increases the resistance to general corrosion and minimizes the 
effects of heterogeneity ‘due, for example, to high carbon content. Such 
alloys, however, cannot, in general, be hardened and their mechanical 
properties are not suitable in many cases. For similar reasons and as the 
cost of the higher chromium alloys is great, the amount of chromium 
usually found in stainless material lies between 11 and 14 per cent. Steels 
in this range containing less than about 0.4 per cent, carbon are stainless 
to vinegar when suitably hardened. 

As the carbide in stainless steel contains a large amount of chromium 
and as for many engineering purposes the steel must be in a condition in 
which the carbide is mainly out of solution in order that the material 
may have suitable mechanical properties, from the point of view of non- 
corrosive properties, the less carbide there is the better. The amount 
of carbon, however, is generally governed, to a great extent, by the 
mechanical properties desired in the material. When large amounts of 
carbon are present, all the carbide is not dissolved even when heated to 
1200® C. and quenched. Such a high-carbon steel corrodes at a much 
greater rate than one of lower carbon content, the corrosion commencing 
around the carbide particles; this is shown in Fig. 15, where the dark 
areas around the white carbide represent the corroded parts. The sample 
contained 1.0 per cent, carbon and had been tested with vinegar. 

Scale 

Although not exactly a variable in composition, it may not be out of 
place to consider here the action of scale. Stainless material heated to 
temperatures above a red heat, whether followed or not by rolling or forg- 
ing, is coated with scale, consisting of the oxides of iron and chromium. 
The scale is electronegative to the metal and, if not removed, will cause 
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local corrosion in its neighborhood. Articles made of stainless material 
that will not be machined or ground all over should, therefore, have the 
scale completely removed by pickling. Sand blasting does not appear 
to be so effective in removing all the scale; there is a tendency for particles 
of it to be forced into the metal by the blast. 

Propebtibs of Stainless Iron 

Dealing briefly with its manufacture, stainless iron is produced in the 
basic-lined electric furnace. Before adding the chromimn alloys, the 
carbon content of the bath should be reduced well below 0.10 per cent, 
and afterwards precautions taken to avoid contamination with carbon, 
which is greedily absorbed by the molten material. Because of its greater 
softness, stainless iron forges more easily than the harder varieties of 
stainless material; it works probably as easily as ordinary steel contain- 
ing about 0.4 per cent, carbon and hence may readily be forged, roUed, 
or drop stamped. 

Stainless iron does not air harden so intensively as the higher carbon 
varieties. It does air harden but the degree of hardness produced is 
considerably less, being generally in the range 280 to 380 Brinell instead 
of 450 to 550 as obtained with a steel containing 0.3 per cent, carbon. 
Hence it is much safer to work and heat treat than the higher carbon 
varieties; it is much less liable to develop hardening cracks so that, in 
general, it may be air cooled after forging without danger. Eeasonable 
care, however, should be taken; for example, forgings should not be 
thrown on a wet floor or in a drafty place. Should any trouble arise, 
owing for example to intricate shapes in drop stamping, all danger of 
cracking may be removed by recharging the hot forgings into a furnace 
maintained at 650° to 700° C. and allowing them to soak for about 1 hr. 
after they have attained the furnace temperature. By so doing the 
carbon change takes place and the forgings, being then in the annealed 
condition, may be withdrawn from the furnace and air cooled with- 
out danger. 

The suitability of any material for engineering purposes is judged, to 
a large extent, by its mechanical properties and the t]^ of the latter 
desired depend on the purpose to wMch the material is to be applied. 
The results obtainable from stainless iron after oil hardening and then 
tempering at varying temperatures are typified in Figs. 16 and 17, which 
show the results on material containing respectively 0.07 and 0.10 per 
cent, carbon; the former hardened to approximately 73 tons ten^e 
strength and the latter to 85 tons. Both were heated in the form of 
bars IK ui* diameter but results of the same order would be obtained 
with bars of considerably larger size. The tensile test pieces were the 
British standard size (2 by 0<564 in. diameter). The inolphet tests were 
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obtained with an Izod machine, the test pieces being of standard size 
(10 mm. square) and having the standard V notch. The tests in Fig. 16 
were obtained on the first cast of stainless iron produced commercially. 
For such steels, a temperature of 950° C. is recommended for hardening. 
It is sufliciently high with material of normal composition to insure solu- 
tion of the ferrite and carbide and thus give a homogeneous martensite 
on quenching. 

The fall in tensile strength produced by tempering at successively 
higher temperatqres is what would be expected from the Brinell hardness 
results given earlier. Up to a temperature of 500° C., there is little or no 
reduction in tensile strength while the test piece shows increased ductility 
due, at any rate in part, to the relief of stresses set up during hardening. 
Between 500° and 600° C. the hardness falls quickly, while from 600° to 
about 750° C. it falls slowly and steadily. The very slow rate of fall in 
tensile strength with increase of tempering temperature in the range 
600° to 750“ C. is very useful, commercially, as it permits quite a wide 
range of temperature to be used when a number of articles have to be 
tempered to produce a given tensile strength, obviously a desirable thing. 
On the other hand, the comparatively rapid fall of hardness in the range 
500° to 600° C. makes the difloiculties of tempering in this range corre- 
spondin^y great. 

In the annealed condition, the material has a somewhat lower tensile 
strength than after hardening and tempering and a much lower yield 
point, as will be seen from the following tests of two typical casts: 


Yihld Point, Tons 
psR Square Inob 


Maxucum Stbesb, 
Tons pbb 
Square Inch 


Elonoatzon, Rbduotion op Area, Izod Impact, 
Per Cent. Per Cent. Foot-poondb 


20.2 34.1 39.0 72.0 92 

20.8 35.2 35.0 66.8 68,60 


Comparing these with values plotted in Figs. 16 and 17 shows that they 
bear the same relation to the latter that a normalized test on an ordinary 
mild steel does to a hardened and tempered test on the same steel. 

Tests at temperatures above atmospheric show that in the range of 
temperature likely to be met with in the use of superheated steam staindess 
iron retains its tensQe strength very well. This is illustrated by the 
curves in Fig. 18, which shows the tensile results obtained on a sample of 
stainless iron containing 0.07 per cent, carbon and also on mild stainless 
steel containing 0.16 per cent, carbon, at the temperatures indicated. 
The test pieces were machined to 2 hy 0.564 in. parallel and the pulling 
speed was Ke minute. 

Stainless iron may be readily cold worked and, provided the amount 
of distortion produced is not unduly great, the resistance to corrosion is 
not seriously affected. It has been successfully drawn into wire and tubes 
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and, although more diflBicult to draw than ordinary mild steel, is consid- 
erably better in this respect than the higher carbon varieties of stainless 



Fig. 16. — Mbchanical paoPBETiBs op 
STAINLESS IRON 0.07 PER CENT. C, 11.7 
PER CENT. Or, 0.08 PER CENT. Si, 0.57 
PER CENT. Ni, 0.12 PER CENT. Mn. 



Fig. 17, — Mechanical properties 
OF STAINLESS IRON 0.10 PER CENT. C, 
11.5 PER CENT. Cr; bars IK IN. DIAME- 
TER, OIL HARDENED AT 950'" C., AND TEM- 
PERED AS INDICATED BY *. 



Fig. 18. — Tensile tests at temperatures above atmospheric on STAiipBss 
IRON AND MILD STAINLESS STEEL. A, STAINLESS IRON 0.07 PER CENT. C, 0.27 PER 
CENT. Si, 0.17 PER CENT. Mn, 11.9 PER CENT. Or, 0.28 PER CENT. Ni; B, MILD STAIN- 
LESS STEEL 0.16 PER CENT. 0, 0.52 PER CENT. Si, 0.27 PER CENT. Mn, 13.0 PER CENT. 
Or, 0.31 PER CENT. Ni. 

Note.— In Figs. 16, 17, and 18, the ordinates for maximum stress (M.S.) and 
yield point (Y,?.) are tons per square inch (1 ton « 2240 lb.); the values for 
impact are given in foot-pounds. 

material. Probably a great part of the diflBiculty consists in the fact that 
stainless iron does not flow in the same way as mild steel and henoo 
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cannot be treated in the same fashion. The procedure during drawing 
must be modified somewhat. Stainless iron may be cold pressed into a 
variety of forms with considerable ease. Its hardness and tensile strength 
are, of course, greater than that of some metals extensively used for sheet 
work, e.g. German silver and aluminum, hence it requires heavier pres- 
sure. If the sheet is distorted, during the pressing operation, to such an 
extent as to affect seriously its rust-resisting properties, the latter may be 
fully restored by air hardening and tempering. If this treatment is 
carried out when the greater part of the cold-working operation has been 
performed and the article subsequently pickled to remove scale, the piece 
can be given the final pressing which will brighten up the dull pickled 
surface and thus materially assist any final polishing operation. This 
method may obviously be applied in other cold-working operations, e.g. 
bright drawn wire, cold-roUed strip, and the like. The small amount 
of distortion produced by the final cold-working operation will have a 
negligible effect on the resistance to corrosion. 

For general engineering work, where material of about 40 tons tensile 
strength is required, there is little doubt that stainless iron is the most 
suitable form of stainless material to use. It drop stamps quite readily 
and is easily machined. It has been used for such widely diverse pur- 
poses as turbine blades, golf clubs, spoons and forks, bonnets and other 
fittings for motor cars, ornamental firegrates, spins and many other 
articles. Because of its low carbon content, its resistance to corrosion is 
affected less by varying heat treatment than the higher carbon varieties. 
Thus, in its fully softened condition, it is stainless to the vinegar test 
even when the chromium is lower than is customary in stainless material, 
e.g. 10 to 11 per cent. 

The general character of the resistance of stainless iron to various 
corroding media is similar to that of stainless steel except that, as stated 
earlier, it possesses these properties (under similar conditions of treat- 
ment, etc.) to an enhanced degree owing to the smaller amount of 
chromium locked up in the carbide. The author treated this part of the 
subject in some detail in a paper^ contributed to the general discussion on 
“Alloys Resistant to Corrosion” held by the Faraday Society in conjunc- 
tion with other societies at Shefheld on April 13, 1923. Speaking gener- 
ally, however, stainless material is resistant to water (tap, river, well, or 
sea water), vinegar, fruit and meat juices, ammonia, solutions of alkalies, 
alkaline carbonates, and many other aqueous solutions of salts. It is 
practically unaffected by strong nitric acid or nitric add of spedfic gravity 
1.20 (the strength that attacks ordinary steel most readily) ; it is, however, 
very slowly attacked by dilute nitric add of about normal strength. It 


* The Besistanoe to Corrosion of Stainless Steel and Iron. Trans. Faraday Soc. 
(1923) 19, pt. 2. 
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is attacked readily by hydrochloric, sulfuric and sulfurous acids. It is 
practically unaffected by saturated or superheated steam, lubricating 
oils, petrol, benzol, paraffin, greases, etc. ; it has therefore a very consider- 
able future before it in engineering work, particularly with regard to 
hydraulic and steam service work.* 

The results of atmospheric corrosion depend on the location of the 
test. In towns, especially in the neighborhood of works, the atmosphere 
contains distinct amoimts of acid and large a mounts of dust, often 
ferruginous. Samples exposed for prolonged periods to such conditions 
become coated with a dark-brown coating, which however may often be 
rubbed or washed off leaving an almost unimpaired surface; at other times 
the coating appears to induce minute pits in the surface of the steel under- 
neath, probably owing to the presence of small amounts of acid (sulfuric). 
In purer atmospheres (in country districts) stainless material will remain 
unattacked for long periods. 

An important property of stainless material is that it resists oxidation 
remarkably well on heating to temperatures up to about 800® or 825° C., 
even for prolonged periods. At temperatures up to about 700° or 750° C., 
a series of temper colors are produced similar to those obtained on ordinary 
carbon steel but at much higher temperatures than with the latter mate- 
rial. Above 700° or 750° C. up to about 825° C., a polished surface of 
stainless steel or iron becomes covered with a gray film, without however 
losing its poUshed appearance and the specimen neither gains nor loses 
weight appreciably. Above 825° C., stainless steel or iron begins to 
scale appreciably. 

In conclusion the author wishes to thank the Directors of Messrs. 
Brown Bayley’s Steel Works for permission to publish the data contained 
in this paper. 


DISCUSSION 

P. A. E. Absisteong,* Watervliet, N. Y. (written discussion). — ^This 
paper correctly places carbon in alloys of chromium, iron, and carbon. 
Earlier investigators, particularly Monnartz and Borchers, ^owed that 
carbon was an unimportant detail in high-chromium and iron alloys. 
Later, the work of Brearley and Haynes incorrectly taught us that car- 
bon, chromium, and iron were important as alloys and had to be combined 
in certain definite percentages to produce rust-resisting steels; further, 
it was necessary to harden and polish. 


* For a general account of some experiences in this direction see: Stainless Steel— 
Its Properties and Some of Its Engineering Applications. Proe. Cleveland Inst, of 
Eng. (England) (March, 1928). 

* Vice-president Lndlutn Steel Co. 
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Monnartz and Borcher prefaced their published work, of about 1910- 
1911, with a statement that the field of chromium and iron had been 
thoroughly investigated and each and everyone had a different story to 
tell. The reason that can be gathered from Monnartz’ work, and by a 
close scrutiny of the prior investigators, is that each investigator tested 
this alloy from a different point of view. One used sulfuric acid, another 
nitric acid, etc. Naturally one investigator would report that the 
material corroded and another that it did not. As a matter of fact, there 
is little difference between results of any of the investigators and the total 
investigation throws excellent light on the properties of these alloys, 
including their rust-resisting properties. Moimartz exposed 14 per cent, 
and upwards chromium-iron alloys for over two years without producing 
rust. These results should not be read as affirmatives and negatives but 
merely for just what they portray as far as each investigator is concerned. 

The author shows that chromium and iron are the controlling factors 
of the corrodibility of an alloy of this analysis and that carbon 
only increases the physical properties. Furthermore, carbon works 
against the non-corroding property, therefore is a detriment. If car- 
bon is used, unless very high, it should be used in the alloy in the least 
harmful way; that is, the carbides that are, in some measure, respon- 
sible for corrosion should be dissolved in the iron and the only way to 
do this when the iron is in a solid state is by heat treatment. The higher 
the temperature to which the alloy is heated and the greater the rapidity 
with which it is cooled, the more the carbides will be in solution and in the 
l^st harmful form. Chrome carbides are very resistant to acid corro- 
sion, therefore if carbon is to be used, the best results are obtained with 
very high carbon, 6 per cent, or higher, such as is found in high-carbon 
ferrochromium, not the low or medium carbons of Brearley and Haynes. 

The author says that his company was the first to make a high- 
chromium iron on a commercial scale, having made it in 1920. Our 
company made such a material prior to 1920, also the work of early 
investigators was carried on many years prior to 1920; I believe the sam- 
ples that were prepared at that time, during these investigations, were 
closely related to the product that was commercially available. The 
author thinks that the only reason why low-carbon high-chromium irons 
are now available is because the necessary ferrochromium can now be 
obtained. As a matter of fact it was obtainable many years prior to 
1920; in fact, was a standard grade of ferrochromium. 

A fact not generally known, brought out by the author, is the harden- 
ing by heat treatment of high-chromium and iron alloys containing prac- 
tically no carbon. The low-oarbon percentage he talks about is 0.07; he 
finds that by heating this chromium-iron alloy to a fairly high tempera- 
ture and quenching, it becomes hard, 380 Brinell. My experience 
with alloys of this class shows this to be true; and a similar result can 
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be obtained with carbon lower than 0.07 per cent. I have tested alloys 
containing higher percentages of chromium than the ones the author 
mentions with carbon as low as 0.03 per cent, and a similar type of 
hardening is produced by quenching — 360 to 380 Brinell seems to be 
about the figure. The same chromium-iron alloy slowly cooled, or so- 
called annealed, has a Brinell hardness of about 160. The point to con- 
sider now is what caused the hardening. It cannot be the carbon. This 
statement may create some surprise as we have always associated hard- 
ness by heat treatment as a direct result of carbon. The textbooks tell 
us that iron and chromium alloyed together cannot be made hard by 
heat treatment, in fact chromium alone will not harden iron. This 
oft-repeated statement is incorrect. Chromium and iron without any 
other alloying element will harden when subjected to heat treatment by 
being raised to a high temperature and quenched. 

I believe that chromium and iron alloyed together and slowly cooled 
separate out into various constituents, one of which is pure iron; and when 
heated to a high temperature the iron is dissolved into the iron and 
chromium or the iron and chromium are dissolved into the iron and a 
greater resistance to deformation is obtained when the specimen is 
quenched. Therefore the Biinell test gives us a figure that is equivalent 
to hardness. Furthermore, the elastic limit has materially increased, 
likewise the ultimate strength, reduction of area and elongation have 
been correspondingly reduced. Under the microscope, a high-chromium 
iron with a small amount of carbon present, say less than 0.10 per cent., 
contains practically as many carbides after it has been quenched from a 
high temperature as it did when annealed, therefore the hardness cannot 
be the result of carbides being passed into solution by heat treatment but 
must have been due to some chromium and iron effect, perhaps a change 
in solid solution. 

If other alloys are combined with chromium and iron, such as nickel, 
it is easier to hold the chromium in solid solution. Therefore heating to 
high temperatures and quenching produces a structure that is known as 
austenite and is comparatively soft; hardness is only brought about 
by drawing. 

It has been contended that the alloy chromium, iron, and carbon is 
different from the alloy chromium, nickel, iron, and carbon because in 
one case quenching from high temperature makes hard whereas in the 
other quenching from high temperature makes soft; subsequent drawing 
makes the chrome-nickel alloy hard and subsequent drawing makes 
the other alloy soft. Obviously the difference is merely a form of 
soM solution well explained under the terms of austenite, martenrate. 
sorbite. 

It is essential , that a better solvent than nickel should be employed so 
that the troublesome martensite is not readily formed. In other words, 

TOI*. MCC, — 5 
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what is necessary in a rustless iron should be true iron conditions of non- 
hardening. These can only be produced by a solvent that carries chrom- 
ium and iron in solid solution all the time and is its normal structure. 
Silicon seems to be an excellent alloy for this purpose; 1 per cent, of silicon 
or thereabouts seems to be all that is necessary with high chromiums of 
11, 12, or even higher percentages of chromium. Such an alloy will not 
harden when quenched from high temperatures if the carbon is low. 
Nickel additions to chromium are very susceptible to carbon influences. 
Whether the carbide is more easily dissolved or not, I do not know; but 
from microscopical observation I believe that to be the cause. The 
carbide is of a different chemical combination and more readily dissolves; 
so that with chromium and nickel it is essential to keep the carbon quite 
low if a highly ductile alloy is to be obtained and a minimum amount of 
hardness produced on coohug. Should the nickel be carried fairly high, 
the afloy must contain high silicon or manganese, or both, otherwise the 
hardness produced by nickel, chromium, and iron, irrespective of the 
lowness of the carbon content, is such that the alloy cannot be machined. 

Chromium and iron, as described by the author, have the hardening 
properties brought about by high-temperature heating and fairly quick 
cooling, which are a serious drawback to the commercial development of 
this material. Sheets rolled from such alloys quickly harden, because 
of the rapid cooling when in contact with the rolls, therefore sheets can 
be sucessfuUy rolled only at high temperatmes; and finishing sheets at 
high temperatures is difficult and adds materially to the cost. It is usual 
to finish sheets at or around a black temperature; at which temperature an 
alloy of about 12 or 13 per cent, chromium with very low carbon would 
have hardness. 

The addition of silicon enables sheets to be turned out with just about 
the same ease that iron sheets can be produced. As a matter of fact, it is 
desirable to toU this material at black temperatures. Peculiarly enough, 
chromium alloys of 17 to 18 per cent, with carbon very low, say about 
0.07 per cent., and with about 1 per cent, silicon, have a high degree of 
malleability at temperatures around 1000° to 1200° P. This property of 
this non-corrosive material is particularly useful for the manufacture of 
sheets as the finished rolling can be done at this temperature and a fair 
amount of elongation and reduction given to the sheet. No special 
precautions therefore need to be observed in rolling this grade of sheet. 
Hot pressing can be easily and expeditiously done on the finished sheet 
and the rapid cooling of the sheet when in contact with the die has no 
affect at all on the dieet. It does not stiffen it up materially because of 
the falling of temperature. The great malleability around these tempera- 
tures enables stampings to be readily made. Silicon also confers the 
property of great malleability at temperatures of 300° and 400° F. ; in fact 
this type of aUoy has better deep-drawing qualities than any non-corrod- 
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ing u-on I have seen. The non-homogeneous nature of the chrome- 
iron alloy that has been annealed to produce softness does not add to the 
ease of machining, whereas the homogeneous nature of the alloy with 
the silicon increases the machineability. 

There is a tremendous field for the use of rust-resistii^ irons. The 
figures prepared, a year or two ago, by Sir Eobert Hadfield on the loss 
by corrosion have a tendency to make us gasp. No matter how much we 
may be opposed to using comparatively expensive materials for structural 
purposes, we are going to get into it deeply because of the constant cost 
of protecting iron. 

The scale-resisting and the rust-resisting properties of iron and 
chromium are not due so much to the effects of chromiiun and iron as an 
alloy as they are to the scale film that forms upon the surface of the 
alloy. It is well known that aluminum is easily corroded, although it is 
considered by many to be a very excellent non-corroding material. As 
a matter of fact it corrodes more quickly than many metals. The 
surface takes on a transparent film of alumina, which is non-porous and 
protects the imder surface from corrosion. Iron, when rusting, takes on a 
surface of iron oxide that is very porous and lets moistiure through it to 
attack the iron underneath and as iron oxide is electronegative to iron a 
lively galvanic cell is set up. 

As the author states, chromium and iron oxide, being the oxide of both 
iron and chromium, is also electronegative to the underlying metal, 
therefore corrosion is bound to take place where electrolysis is a factor. 
Under these circumstances, there is practically no difference between the 
polarity of iron oxide and iron and chromium and iron oxide as found on 
the author’s stainless iron and steel; therefore it must be the non-porous 
nature of the oxide that forms upon the surface of these alloys that is 
the cause of preventing further corrosion. 

An interesting experiment can be made to prove quickly the protecting 
oxide-film theory. If a surface of a rust-resisting iron, such as the author 
refers to, is polished for metaUographic examination, so that the 
surface has a very high polish, and one-half of the surface is quickly 
covered with a film of oil which is let remain for a minute or so, the 
whole washed off in acetone, and water vapor allowed to condense upon 
the surface of the polished material, it will be found that the moisture will 
remain condensed upon the surface that was not covered with the oil 
filnn very much longer than upon the surface that was protected by the oil, 
showing that the surface not protected is already roughened and has greater 
ability to hold moisture upon its surface. If the specimen is let stand a 
few minutes longer, free from oil, probably 10 or 16 minutes, and the same 
experiment tried with water vapor, the line of demarcation will have 
entirdy disappeared; both surfaces are in about the same roughened and 
oxidized condition. 



68 


STAINLESS STEEL 


Hot oxidation is an accelerated condition of ordinary atmospheric 
corrosion. If the temperature is raised sufficiently, the oxide becomes 
porous, because the iron oxide is the predominating oxide and may or 
may not separate from the chrome oxide, and the underlying surface of 
the metal quickly corrodes away, almost as badly as iron does at a 
lower temperature. 

If very high percentages of nickel are used with chromium and iron, 
such as the wdl-known nichrome, the breaking down of the oxide takes 
place at much higher temperatures. If silicon is used, the oxide is 
thinner than that of the straight chromium and much less porous and 
remains so for longer periods and to greater temperatures. Small 
amounts of silicon have a tremendous effect, enhancing the resistance to 
excessive oxidation at high temperature. 

At atmospheric temperatures, the oxide formed upon the surface of a 
chrome-iron-silicon alloy is of different color to that of the chromium and 
iron, is more refiectant to light, and, as far as I have been able to ascertain, 
is thinner, tougher, and more durable. Furthermore, the oxide of a 
chrome-silicon-iron alloy is slightly electropositive in nature to the 
underlying material, so that when the alloy is rusted somewhat, even 
though the rust may not be readily discernible, this rust has a tendency 
to protect the imderlying metal should the film be damaged. 

It is difficult to ascertain definitely whether the oxide of chromium- 
silicon-iron is electropositive or electronegative, as the material does 
not readily rust. In fact, it is as near rust-resisting as anything I have 
seen, but the oxide brought about by temperatures when polished off in 
one place and an electrol 3 rte smeared over the oxide and on the unoxi- 
dized portion, and a millivolt meter connected across it, will show that 
the oxide is electropositive although the scale naturally will give an 
opposite reading. 

Cold work on a chrome-iron alloy of about 11 to 14 per cent, chro- 
mium produces rusting because the safety factor between that which 
will rust and that which will not is so small that the difference in potential 
brought about by cold work is sufficient to bring about rusting; therefore 
rust-resisting alloys should contain high chromium, and preferably high 
silicon, with low carbon and the safety factor should be greater so that, 
in the event of cold worldng, there is practicidly no tendency for the 
material to corrode away. 

The physical test specimens of 11 to 12 per cent, chromium referred 
to by the author, when exposed to the atmosphere, quickly rust; whereas 
test specimens made from about 17 or 18 per cent, chromium, about 1 
per cent, silicon, very low carbon, and the balance iron, after being 
pulled, broken, and submitted to the atmosphere, do not rust. 

The author recommends pickliz^ for surface preparation to withstand 
corrosion. In my opinion a pickled surface, that is acid corroded, is 
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one of the finest surfaces that can be produced on rust-resisting irons, 
being quite as good as a polished surface, provided the chromium content 
is high enough to impart to the surface a higher chromium content 
brought about by the selective action of acid pickling. In other words, 
pickling will remove iron from the surface if the right acid is xised; if 
the wrong acid is used, chromium is removed from the surface. An 
acid can be used where the iron is removed and the surface materially 
increased in the chromium content so that the exposed surface is of decid- 
edly higher chromium content than 17 or 18 per cent, original content. 
With a lower chromium content, such as about 12 per cent., the iron is 
such a predominating quantity that pickling by various acids does not 
seem to have the same affect of increasing the chromium content of the 
surface, unless the surface is tremendously marred by eating out the iron 
to such an extent that the surface is rough to the hand; even then I have 
found that the surface will corrode. Polishing is better than pickling 
where a lower chromium content is employed as the surface on which the 
oxide forms is smooth to start with and it adds to the non-porous nature 
of the oxide that forms on the surface; I believe that is the only reason 
polishing is an advantage. I do not mean to say that polishing on 17 or 
18 per cent, chromium with high silicon is not a good thing; it is, but it is 
not essential and is advisable only from the point of view of appearance. 

About 50 per cent, higher chromium content than the author’s 12 per 
cent, is preferable from a rust-resisting point of view; with the higher 
chromium content, a solvent of some type is essential to produce a 
satisfactory alloy from all points of view, therefore the author may 
prefer the 12 per cent, chromium analysis on the basis that it is good 
enough and about all the chromium be wants to handle in the alloy. 

Beram D. SAKLATWAiiitA,* Bridgeville, Pa. — ^What has been known 
as stainless steel is a special application of Ugh-ohromium steel to cutlery 
purposes. The carbon ranges or the chromium ranges were not specified 
because they are per se of any intrinsic merit, but because, for the special 
purpose of a cutlery blade, it has been claimed by Brearley that steel 
containing less than 11 or 10 per cent, chromium does not show sufficient 
stainless properties and above 14 per cent, chromium tends to make the 
cutlery blade soft. 

Mr. Armstrong has shovm that low-carbon high-chromium iron is 
capable of hardening; the author shows that this is not the case. Is it 
not possible that we are failing to take into consideration other elements 
that may be present, for instance, in the case of the Armstrong com- 
position, silicon, which might have a secondary effect in influencing hard- 
ness by heat treatment. 


* Geaeral Superintendent, Vanadium Corpn. of America. 
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Mr. Armstrong has pointed out the good effect of silicon. Going 
up to higher chromium contents, I would say that the higher the chro- 
mium content, within certain limits, the better, the more resistant, the 
iron or steel is. If we are not confined to the cutlery business, it is 
proper to increase the chromium content; and if there are any physical 
difficulties in the fabrication of this steel they can be obviated by the 
addition of other elements such as silicon. 

The theory of heterogeneity producing corrosion refers to a more or 
less secondary phenomenon. No doubt there is galvanic action when 
carbides are present, but in the case of rustless iron, where we are dealing 
with solid solutions only, the electroljdiic theory is of minor importance. 
The addition of copper to high-chromium steel makes it acid-resisting 
besides improving the rust-resisting qualities. 

While great credit has been claimed by Great Britain for pioneering 
in the field of rustless metaUui^, such is not entirely the case. The work 
that has been done by investigators in this country and also by Mon- 
nartz, Borchers, and others in Germany, is far prior to any work on rust- 
less metallurgy that has been developed in Great Britain along the lines of 
the Brearley patent. What Great Britain has accomplished, and what 
it can claim pioneering credit for, is the application of rustless steel 
to cutlery. 

With regard to the engineering development of rustless iron, one fact 
that has materially hindered its progress is its high cost of production. 
However, within the last two or three years considerable attention 
has been paid to the question of producing hi^-chromium iron by more 
economical processes, and today in this country as well as in Great 
Britain, chrome-iron processes are developed in a commercial way by 
direct reduction of chrome ore into the molten steel without the use of 
low-carbon ferrochromium and without using carbon as a reducing agent. 

John H. G. Monstennt (author’s reply to discussion). — Mr. Arm- 
strong’s remarks contain so much that is of doubtful accuracy that to 
reply in any detail to his contribution would take up too much space. 
It may be an advantage, however, to deal with a few of the points 
raised. 

Mr. Armstrong refers to the investigations published by Monnartz 
and other early investigators, but his remarks si^gest that he is imper- 
fectly acquainted with the results of their work. A discussion of such 
work, however, would take too much space and is, moreover, outside the 
scope of the author’s paper. 

Mr. Armstrong’s remarks on the carbon content of stainless steel are 
confused and indicate that he does not thoroughly appreciate the action 
of this element. Carbon is required in varying amounts in stainless 
steel for the purpose of producing material of different intrinsic hardness, 
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just as it is in ordinary steel, and one can, for example, no more make a 
satisfactory cutting tool (e.g., a knife blade) out of the very lo'w-carbon 
stainless iron than one could from a piece of ordinary dead soft steel. 
There is a notable difference, referred to in the paper, in the effect 
of carbon in stainless and ordinary steels respectively in that its power of 
producing “steel” from “iron” is about three times as great in thecaseof 
the high-chromium steel as it is in the ordinary steel. For this reason 
it is impossible to argue, from the results obtained on quenching stainless 
iron containing approximately 0.07 per cent, carbon, that chromium-iron 
alloys absolutely free from carbon would harden in a aimilar manner. 
An ordinary carbon steel containing 0.15 to 0.20 per cent, carbon can be 
hardened quite appreciably by suitably quenching small samples, but no 
one would argue, therefore, that pure iron would also harden. Yet the 
stainless iron mentioned above has structurally the same proportion of 
ferrite and pearlite as the mild steel. Mr. Armstroig’s statement that 
such low-carbon stainless irons contain as much carbide when quenched 
from high temperatures as when annealed is ob-rioudy incorrect to anyone 
who has examined such alloys microscopically. In the same way, the 
use of material containing about 6 per cent, carbon, which apparently 
Mr. Armstrong regards as the best amount of carbon to have in stainless 
material if there is to be any at all, might have some chance of success if 
many engineering applications could be found for a material having 
mechanical properties somewhat akin to those of white cast iron. Inci- 
dentally, the chromium content of such alloys would probably have to 
be of the order of 40 or 60 per cent, in order to obtain corrosion- 
resisting properties. 

Mr. Armstrong’s statement that low-carbon high-chromium steel 
was produced before 1920 (the date on which the company with which 
the author is associated produced it commercially) is in a sense correct. 
A few such alloys had been produced but only on experimental lines; 
the author’s firm, for example, made such an ahoy in 1915. The reference 
in the paper, however, was to the production of the ahoy on a commercial 
scale as an article definitely on the market, a vastly different' thing from 
making an experimental ahoy. 

Mr. Armstrong’s statement that the addition of 1 per cent, sihcon to 
a stainless iron prevents the latter from hardening when quenched from 
hi^ temperatures is quite wide of the mark; such an addition of sihcon 
raises to a considerable degree the carbon change point of stainless steels 
and irons, and therefore the temperature necessary to harden them, but 
when quenched from a temperature high enou^ to clear this raised point 
they harden in a manner similar to that of other steels. 

Few who have studied corrosion at all -will agree -with Mr. Armstrong’s 
statement that hot oxidation is an accelerated condition of ordinary 
atmospheric corrosion; and his remarks on the rolling of sheets made of 
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stainless iron suggest that he is only imperfectly acquainted with the 
hot working of that material. 

Mr. Saklatwalla appears to have misread the author’s remaiks 
regarding the hardening of low-carbon high-chromium iron. The 
results given in the paper showed that two such irons on quenching had 
tensile strengths of about 73 and 85 tons per square inch respectively, 
corresponding to Brinell hardness number of about 340 and 387. 
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Effect OD Steel of Variations in Rate of Cooling in 
Ingot Molds 

By William J. Priestley, Pittsburgh, Pa. 

(New York Meeting, February, 1924) 


Much time has been devoted, by metallurgists, to the study of steel 
after solidification and remarkable strides have been made in the heat 
treatment of steel, but less knowledge is available of the thermophysical 
activity of the constituents of steel prior to solidification in the mold. 
It is known that certain elements added to steel produce marked changes 
in physical properties, also that other elements added to steel produce 
similar changes, but we have only meager knowledge as to how these 
elements combine in steel under different conditions of solidification. 

It is not sufficient to know, from chemical analysis, that a certain 
element is present in steel. We should know how this element is in 
combination with the other elements and whether the combination is 
such as will give the greatest physical properties. Certain elements go 
into solid solution with the iron, while others segregate to the grain 
boundaries and combine with the impurities collected there. Until it is 
known where an alloy produces the most beneficial effect and a means 
is determined for controlling its physical location by altering solidifi- 
cation conditions, or otherwise, we will not obtain the maximum value 
from our alloys. 

When molten steel freezes, it forms a heterogeneous mass of various 
crystalline constituents; and as the transformation of steel from a liquid 
state to the solid crystallized state is a critical step, involving as great a 
transfer of heat as any other operation in the making of finished steel, 
a variation in the rate of this heat transfer wiU have much to do with the 
arrangement of the various constituents in the solid state* The object 
of this paper is to show some of the effects on steel caused by variations 
in the rate of cooling in the ingot mold, particularly as to ingotism, segre- 
gation, dendrites, and intergranular material. 
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Cbtstallization from Liquid State 

Steel is generally cast in sand or cast-iron molds. The former 
produce a slow cooling, while the latter are intended to conduct the heat 
very rapidly from the molten metal. When carbon steel is teemed from 
the ladle into the mold, it is a solution of pure metal and non-metallic 
substances, chiefly iron, carbide of iron, oxide of h'on and manganese, 
silicate of iron and manganese, phosphide of iron, sulfide of iron and 
manganese, and traces of alumina, together with carbon monoxide, hydro- 
gen and nitrogen gas. 

Rosenhain, Desch, and others have shown that when metals pass from 
the liquid to the solid state, the process of solidification results in crys- 
tallization of various forms and sizes, depending on the rate of cooling. 
Each crystal grows, simultaneously with a multitude of others, from its 
own center through a building up of metal from the liquid surrounding 
it. Certain elements go into solid solution and combine with the iron 
to form the crystals. Other elements, with impurities and non-mctallic 
substances, segregate to the grain boundaries, and solidify to form a film 
of amorphous cement, that, in commercial steel, produces lines of 
mechanical weakness. 


Formation of Dendrites and Octahedral Crtstals 

The crystalline grain growth in ingots poured under extreme condi- 
tions, in so far as the rate of cooling the steel was concerned, is shown in 
Figs. 1, 2, and 3, which represent the steel as cast without annealing. The 
steel in each case is nickel-chrome of approximately the same com- 
position; namely, 0.40 per cent, carbon, 3.5 per cent, nickel, and 2 per 
cent, chromium. The steel shown in Fig. 1 was poured into an iron mold 
with a chill of about 5 to 1 ; that is, the area of the surrounding mold was 
five times the cross-sectional area of the ingot. As shown in Fig. 1, a 
dendritic structure extends from the outside of the ingot to the center. 
The metal was cooled very rapidly from the molten state to below the 
granulation zone, thus preventing the formation of octahedral ciystals . 

The ingot shown in Fig. 2 was cast in an iron mold with a chill of 3 to 1 . 
Because of the less rapid withdrawal of heat, the dendrites extend only 
about IM in- from the surface; beyond are the coarse octahedral crystals 
caused by a slower cooling through the granulation zone. 

The ingot shown in Fig. 3 was oast in a sand mold, with a wall 10 in. 
thick, with the least possible chill; this resulted in very slow cooling. 
The large octahedral crystals in the middle of the ingot show the original 
ingot structure; the metal surrounding this area has been refined by 
annealing, and is not considered in this discussion. The octahedral 



WIIililAM J. PEIESTLET 


75 



Fig. 1.— FKAcmniB ojf hickel-chiiomb steel cast in iron mold; mold area 
nvB times ingot area. Notb long dbndritbs with no octahedral ortstals. 
Ingot dumbtbr, 4 in.; photograph poll sizb. 
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Fig. 2 , — Fracture of nickel-chrome steel oast in iron mold; mold area 

THREE TIMES INGOT AREA. NOTE DENDRITES VTTH OCTAHEDRAL CRYSTALS. InGOT 
DIAMETER 12 IN.; PHOTOGRAPH ONE-HALF SIZE. 
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Fig. 3. — Sand-mold casting with minimttm amount or chill; no dendrites, all 

OCTAHEDRAL CRYSTALS; LARGEST CRYSTALS ^ IN. DIAMETER. 
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crystals varied from M to ^ in, in diameter. This ingot cooled very 
slowly, even through the granulation zone, and the steel was held so 
long above the critical temperature that a secondary crystal growth 
took place. 

Effect of Temperature on Crystal-grain Growth 

A theoretical analysis of what takes place in the ingot mold duiing 
solidification of steel will explain why the ingot structure obtained in 
Fig. 1 is considered superior to the structure shown in Fig. 3, 

Above the freezing point of molten steel, crystallization is very slow. 

Only a few crystal centers, or nuclei, exist and 
the solidification of the metal from a high 
temperature results in the formation of only 
a few crystals, which become very large. As 
the temperature of the liquid drops, the rate 
of formation of crystal centers increases and, 
within a given space, the growth of each crys- 
tal is proportionally limited in size. Therefore, 
the lower the temperature from which crys- 
tallization starts, the greater will be the num- 
ber of crystal centers and the smaller will be 
the dendrites or octahedral crystals. 

When the steel in Figs. 1 and 2 came into 
contact with the wall of the iron mold, the 
temperature dropped suddenly, because of the 
Fig. 4. — Section broken chilling effect, or rapid transfer of heat from 

to the iron mold. Crystals began to 
TRIC-8TBBL CASTING, SHOWING fonu at an infinite number of centers or nuclei 
WN^TBBE CRYSTAL FORMA- surfacc of the mold. For a fraction 

of a second, this crystal growth probably 
looked like that shown in Fig. 4, which shows small “pine tree'' crystals 
growing toward the center of the mold and normal to its surface. The 
number of crystal grains multiplied so fast and the grains were so close 
together that it was possible for them to grow only in one direction, toward 
the center of the ingot. This resulted in the formation of the fine dendrit- 
ic structure appearing near the surface of the ingots in Figs. 1 and 2, 
As the rate of absorption of heat by the mold decreased, fewer centers 
were formed; and while the dendrites continued to grow toward the center 
of the ingot, they were less crowded, and increased in width. After a 
time, as shown in Fig. 2, as the rate of cooling decreased and the temper- 
ature of the molten steel became more nearly uniform on all sides of the 
grain centers, the crystals were free to grow in all directions and became 
octahedrons instead of dendrites. 
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Effect of Rate of Cooling on Segregation 

Those impurities, or foreign substances, that do not combine with the 
iron to form a solid solution are rejected by the crystalline grains to their 
outer boundaries. When the crystals are small and numerous, the film 
surrounding them is thin; but as the crystals increase in size, the segre- 
gation is greater and the film becomes thicker. This envelope is com- 
posed of varying amounts of ferrite and cementite (depending on the rate 
of cooling through the dendritic, granulation, and critical zones) also 
alloying elements and inherent impurities, such as phosphides, sulfides, 
the various forms of silicates, oxides, and gases that exist to a greater or 
less extent in all steels. 

It has been demonstrated, by the use of the microscope and other 
mechanical testing devices, that where large amounts of impurities are 
segregated around the crystal grains, the metal will have lower ductility 
and offer less resistance to fatigue than where the impurities are scattered 
more finely and uniformly throughout the entire structure. Therefore, 
anything that may be done during the solidification of the steel to scatter 
or distribute the impurities as uniformly as possible will improve the 
quality of the steel. One way of accomplishing this is to cool the steel 
rapidly and hasten solidification, which produces smaller crystals and 
prevents segregation. 

In order to show the effect of the rate of cooling on segregation, six 
ingots, 8 in. in diameter and 18 in. long, were made from the same heat of 
steel, but with different rates of cooling. The ladle analysis of this steel 
was carbon 0.37 per cent,, manganese 0.66 per cent., phosphorus 0.042 
per cent., sulfur 0.041 per cent., silicon 0.32 per cent. 

Ingot No. 1 was cast in an iron mold with a chill of about 5 to 1; 
No. 2 was cast in an iron mold with a chiU of 3 to 1; No. 3 was cast in an 
iron mold with a chill of 1 to 1. Ingot No. 4 was cast in a sand mold with 
a wall thickness such as to make the area of the mold equal to the cross- 
sectional area of the ingot; No. 5 was cast with the area of the mold three 
times the area of the ingot; No. 6 was cast with the area of the mold five 
times the area of the ingot. Fig. 6 shows the grain size in transverse 
fractures of this series of six ingots cast with different rates of cooling. 

Sulfur prints taken from 4-in. bars forged from each of the six ingots 
are shown in Figs. 7-12. The three ingots cast in the sand show about 
the same degree of segregation, with a large non-metallic inclusion in the 
center. The last three sulfur prints show the result of cooling the steel 
slowly. Large non-metallic inclusions have segregated to the center of 
the ingot before the steel solidified; also the inclusions entrapped between 
the grain boundaries throughout the section are larger and less imiformly 
distributed than in the case of the three ingots cast in iron molds. The 
ingot from the mold having the 3 to 1 chill, Fig 8, has the finest and most 
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-Dimensions of Iron and Sand Molds. 
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Fig. 7. — Sulfur print of transverse section of 4-in. bar forged from ingot cast 
IN iron mold having an area five times ingot area. 
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FlO. 8. — STHiPTrE print of transverse section op 4-in. bar forobd prom ingot 

CAST IN IRON MOLD HAYING AN AREA THREE TIMES INGOT AREA. 
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Fig. 9. — Sulfur print of transverse section of 4-in. bar forged from ingot 

CAST IN IRON mold HAVING AN AREA EQUAL TO INGOT AREA. 






WILLIAM J. PRIESTLEY 


85 



Fig. 10. — SuLTDB print of transyebsh section op 4-in. bab fobgbd fbom ingot 

CAST IN SAND MOLD HAYING AN AREA EQUAL TO INGOT AREA. 
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Fig. 11. — Sulfur print of transverse section of 4-in. bar forged from ingot 

CAST IN SAND MOLD HAVING AN AREA THREE TIMES INGOT AREA. 
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Fig. 12. — Stjlpub print op transverse section op 4-in. bar forged prom inoot 

CAST IN SAND MOLD HAVING AN AREA FIVE TIMES INGOT AREA. 
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Fig. 13. — ^Etched macrogbaph op transverse section of 4-in. bar forged PiiOM 
INGOT cast in iron MOLD HAVING AN AREA FIVE TIMES INGOT AREA. 
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Fig. 14. — ^Etched macrograph op obansverbb section op 4-in. bar porgbd prom 

INGOT CAST IN IRON MOLD HAVING AN ABBA THREE TIMES INGOT AREA. 
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uniformly distributed inclusions. The ingot cast in the iron mold with 
the 5 to 1 chill, Fig. 7, has more segregation in the center than the bar 
from the 3 to 1 chiU. This is probably because the thicker mold retarded 
the rate of coo ling in the center of the ingot while the steel was passing 
through the granulating zone. The etched macrograph of this same bar, 
Fig. 13, also shows larger grain size than does Fig. 14, which is near the 
center of the section. 


Table 1 


Dnllings 

from 

Billets 

Location 

Carbon, Per 
Cent. 

Manganese, 
Per Cent 

Sulfur, 
Per Cent. 

Phosphoru 
Per Cent. 

1 

Center. . . 

! 0 36 

0 55 

0 040 

0 047 

1 

Halfway outside and center 

1 0 35 

0 56 

0.044 

0.057 

2 

Center 

0 41 

0 66 

0 044 

0 052 

2 

Halfway outside and center 

0.38 

0 55 

0.044 

0 058 

3 

Center 

0.37 

0 55 

0 038 

0.048 

8 

Halfway outside and center 

0.36 

0 58 

0.050 

0 057 

4 

Center 

0.54 

0.64 

0 042 

0.046 

4 

Halfway outside and center 

0 39 

0 58 

0.040 

0.051 

5 

Center. ... 

0.44 

0 53 

0 038 

0 037 

5 

Halfway outside and center 

0 37 

0 58 

0 048 

0 057 

6 

Center 

0 61 

0 60 

0 046 

0.051 

6 

Halfway outside and center .... 

0 39 

0.58 

0 050 

0.055 

1 

Center 

0 36 to 0 37 

0 54 

0 041 

0 043 

1 

Midway, 3 o’clock 

0.36 to 0 36 

0 56 

0 045 

0 045 

1 

Midway, 9 o’clock 

0.36 to 0 37 




2 

Center ... 

0 37 to 0 38 

0 54 

0 041 

0 043 

2 

Midway, 3 o’clock. 

0.3S to 0 39 

0 55 

0 045 

0 047 

2 

Midway, 9 o’clock 

0.40 to 0 40 




3 

Center 

0.37 to 0 38 

0 55 

0 044 

0 044 

3 

Midway, 3 o’clock 

0.41 to 0 42 

0 55 

0 044 

0 044 

3 

Midway, 9 o’clock 

0 38 to 0 39 




4 

Center 

0 37 to 0 37 

0 54 

! 0 030 

0 0*10 

4 

Midway, 3 o’clock 

0 42 to 0 43 

0 50 

0 043 

0 040 

4 

Midway, 9 o’clock 

0 39 to 0 40 


0 042 

0 042 

5 

Center 

0 38 to 0 39 

0 54 

0 044 

0 045 

5 

Midway, 3 o’clock 

0 40 to 0.41 

0 56 

0.042 

0 046 

5 

Midway, 9 o’clock 

0 39 to 0.39 


0.017 

0,044 

6 

Center 

0 43 to 0.44 

0 54 

0.041 

0.040 

6 

Midway 3 o’clock. . . 

f 0 39 to 0 391 
10.43 to 0.47/ 

0.50 

0 (M6 

0.047 

6 

Midway, 9 o’clock 

0.44 to 0 43 


0 046 

0.047 


Table 1 shows the segregation of sulfur, manganese, and carbon, as 
determined by chemical analysis of drillings taken in the center and 
midway between the center and the outside of the bars shown in Figs. 
7-12. 

The chemical analysis shows that the dark spots in the center of the 
sand castings are not high manganese-sulhde inclusions, as mi^t be 
assiuned from looking at the sulfur prints; they are high carbon. Those 
spots also show on the etched macrographs and are probably caused by 
a sorbitic structure in marked contrast with the light ring of hypocu- 
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tectic metal surrounding it. The chemical analyses show more plainly 
than the macrographs how very differently carbon, sulfur, manganese, 
and phosphorus segregate under different rates of cooling; manganese, 
sulfur, and phosphorus are less active in segregating than carbon after 
a certain temperature is reached during cooling, in the center of the 
ingot. The ladle analysis was 0.37 per cent, carbon, 0.56 per cent, 
manganese, 0.041 per cent, sulfur, and 0.042 per cent, phosphorus. 

Effect of Rate of Cooling on Physical Properties 

To obtain a comparison of the physical properties of the heat of steel 
just referred to, when cast with varying rates of cooling in the mold, a 
longitudinal tensile bar was taken from each ingot, midway between the 
center and the outside. The first set of bars were taken from the ingots 
as cast and unannealed; these results are shown in Table 2. While these 
results are very irregular, the iron-mold castings show greater ductility, 
ultimate strength, and elastic limit. The bar from casting No. 2 broke 
outside the mark because of a flaw; as the casting was annealed before the 
bar was pulled, it was not possible to get a replacing bar. 


Table 2. — Results of Tests of Casting, Unannealed 


Coating 

Number 

Tensile Strength, 
Pounds per Square 
Inch 

Elastic Limit, 
Pounds per Square 
Inch 

Elongation, Per 
Cent. 

Reduction of Area, Per 
Cent 

1 

83,770 

51,570 

10 5 

11 2 

2 

61,450 

51,590 

3 

3 6 

(Broke outside mark) 

3 

83,410 

42,750 

9 5 

10 8 

4 

70,710 


9 

10.5 

5 

71,670 

39,300 

9 5 

9 4 

6 

75,130 

43,200 

7 

9 7 


To determine what effect annealing would have on the physical 
properties of these same six ingots, they were placed together in the same 
furnace and given a thorough annealing at 1500° F. The results given in 
Table 3 were obtained on longitudinal tensile bars, taken midway between 
the center and the outside. A comparison of these results shows approxi- 
mately the same ultimate strength and elastic limit on all ingots, but 
greater ductility on the iron-mold ingots with 5 to 1 chill and 3 to 1 chiU. 
The coarse-grain structure in the sand-cast ingots was not fully broken 
up by annealing; also, the larger non-metallic inclusions impaired the 
ductility. The tensile bars were taken longitudinally from the upper 
end of the lower half of the ingots after fracturing midway^^between the 
top and bottom. 
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Table 3. — ResvMs of Tests of Casting, Annealed 


Casting 

Number 

1 

Teneile Strength, 
Pounds per Square 
Inch 

Elastic lamit, 
Pounds per Square 
Inch 

' Elongation, Per 

1 Cent. 

Reduction of Area, Per 
Cent. 

1 

76,990 

38,790 

17 5 

27 2 

2 

79,590 

39,790 

19 

24 1 

3 

78,040 

39,940 

16 

18 2 

4 

75,700 

37,300 

15 

18 3 

5 1 

76,600 

37,690 

12 

17 1 

6 

76,950 

38,850 

15 

18 6 


The upper half of the ingots were heated and forged into bars 4 in. 
in diameter; they received a four to one reduction and were then thor- 
oughly annealed together in the same furnace at 1500° F. Longitudinal 
tensile bars were then taken from the end of the bar that represented the 
bottom of the upper half of the ingot; these bars were drilled midway 
between the center and the outside surface. Results from these bars 
show improved physical conditions in all cases; the greatest improvement 
is in the ductility of the sand-cast ingots, because the coarse-grain crystals 
are broken down and the non-metaUic inclusions aroimd the grain 
boundaries are redistributed more uniformly in smaller particles. 


Table 4. — Results of Tests on Casting Forged 4 to 1 Reduction and Annealed 


Casting 

Number 

Tensile Strength, 
Pounds per Square 
Inch 

Elastic Limit, 
Pounds Square 

Elongation, Per 
Cent. 

Reduction of Area, 
Per Cent. 

1 

82,090 

44,360 

23 

38 2 

2 

82,130 

43,190 

25 

40 1 

3 

82,690 

43,830 

23 

38.5 

4 

81,190 

41,680 

24 

38.5 

5 

82,060 

43,480 

24 

37 3 

6 

81,930 

41,740 

25 

38.0 


A similarity of results might be expected from longitudinal bars after 
forging and annealing. The mechanical work was sufficient to eliminate 
the difference in grain size that existed between the fast and slowly cooled 
ingots but it could not correct the evil effects resulting from the greater 
segregation in the more slowly cooled ingots. Had it been possible to 
take transverse tensile tests, the forgings made from the slowly cooled 
ingots might have shown an ultimate strength and elastic limit equal to 
the rapidly cooled ingots but the ductility would have been less. A com- 
parison of the longitudinal sections of the test bars, Figs. 19 to 36, indicate 
that neither annealing nor forging have any appreciable effect in chang- 
ing the magnitude or location of the solid non-metaUic inclusions. These 
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Fig. 15. — ^Etched maceograph op transverse section op 4-in. bar porged prom 

INGOT CAST IN IRON MOLD HAVING AN AREA EQUAL TO INGOT AREA. 
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Fig. 16. — Etched magbogbaph op tbansvebsb section op 4-in. bar fobomd prom 

INGOT CAST IN SAND MOLD HAVING AN AREA EQUAL TO INGOT AREA, 
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Fig. 17. — ^Etched macrograph op transverse section op 4r-iN. bar porgbd prom 

INGOT CAST IN SAND MOLD HAVING AN AREA THREE TIMES INGOT AREA. 
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Fig. 18. — ^Etched macrogeaph of transverse section of 4-in. bar forged from 

INGOT CAST IN SAND MOLD HAVING AN AREA FIVE TIMES INGOT AREA. 
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sections also show that the solid non-metallic inclusions are smaller and 
more uniformly distributed in the iron-mold ingots than in the sand-mold 
ingots. 

Comparison op Macrostrijcture on Ingots after Forging 

While the longitudinal tensile bars taken midway between the center 
and outside of the series of forgings show practically the same tensile 
strength, elastic limit, and ductility, the macrographs of these forgings, 
when polished and etched with a solution of ammonium persulfate, show 
a marked contrast in the grain structure, corresponding to the various 
rates of cooling. The ingot made with the 3 to 1 chill in the iron mold, 
Fig. 14, contains the finest grain structure. The ingot made in the sand 
mold with the thickest wall. Fig. 18, shows the coarsest grain structure. 
The segregation at the center of the ingot is shown in these etched 
specimens; there is a slight indication of segregation in Fig. 15, which 
represents the 1 to 1 chiU in the iron mold. 

Effect op Mold Design on Structure 

Wherever possible, in a forge shop or rolling miU, where the best 
quality of deoxidized steel is required, a selection of molds should be 
available, so as to apply the smallest mold possible for a particular 
forging or bloom. In small iron molds with the correct wall thickness, 
rapid cooling is accompanied by less grain growth and less segregation 
of impurities. This feature cannot always be worked to advantage, on 
account of the length of cuts or weights required in individual forgings 
or blooms. While in most specifications a minimum reduction of four to 
one is required from the ingot to the finished forging or bloom, in some 
cases a concession in reduction on the part of the customer would result 
in the production of better steel by the use of smaller ingots, free 
from ingotism and segregation. 

Molds should be shaped so as to prevent planes of weakness forming 
where the ends of the dendritic crystals meet. Brearley^ demonstrated 
this fact clearly in his experiments with both stearine and steel. The 
planes of weakness commonly occurring at the butt end of ingots may 
be overcome by using a roimd bottom in the mold, or a dish in the stool, 
instead of the usual flat stool. 

Some steel men attribute the common transverse butt crack in the 
outside surface of big-end-down ingots to the strains set up where the 
vertical and horizontal dendrites meet. This crack may also occur when 
steel is poured so hot that the solidification at this point is retarded and 
the shell of the ingot is too weak to withstand the ferrostatic pressure 


1 A. W. and H. Brearley: Some Properties of Ingots. JwZ. Iron & Steel Inst. 
( 1916 ) 94 , 137 . 

TOL. TSXX . — 7 
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Fig. 19. — ^UnETCHBD LON’GITtTDIN’AIj SECTION OF LONGITODINAI. TEST BAB TAKEN 
MIDWAT BETWEEN CENTER AND OUTSIDE OI’ INGOT, UNANNEALBD. InGOT WAS CAST 
IN IRON MOLD HAVING AN AREA FIVE TIMES INGOT AREA. X 20. 
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Fig. 20. — ^Unetchbd longitudinal section op longitudinal testbab taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OP INGOT, UNANNEALBD. InGOT WAS CAST 
IN IRON MOLD HAVING AN AREA THREE TIMES INGOT AREA. X 20. 
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Fig. 21. — ^Unhitched longitudinal section op longitudinal test bar taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OP INGOT, UNANNEALBD. InGOT WAS CAST 
IN IRON MOLD HAYING AN AREA EQUAL TO INGOT AREA. X 20. 
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FlQ. 23. — ^TJnKTCHBD LONGITTTDINAL section op LONOITUDINAL test BAB TAKEN 
MIDWAY BETWEEN CENTER AND OUTSIDE OP INGOT, UNANNBALED. InGOT WAS CAST 
IN SAND MOLD HAVING AN AREA THREE TIMES INGOT AREA. X 20. 




Fig. 24. — ^IlNnETCHED longitudinal section of longitudinal test BAB TAKEN 
MIDWAY BETWEEN CENTBB AND OUTSIDE OF INGOT, UNANNEALED. InGOT, WAS CAST 
IN SAND MOLD HAVING AN ABBA FIVE TIMES INGOT ABEA. X 20. 
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Fig. 25. — ^Unetchbd longitudinal section of longitudinal test bar taken 

BODWAT BETWEEN CENTER AND OUTSIDE OP INGOT, ANNEALED. InGOT WAS CAST 
IN IRON MOLD HAVING FIVE TIMES ABBA OF INGOT, X 20. 








Fig. 26. — ^Unetched longitudinal section of longitudinal test bab taken 

MIDWAY BETWEEN CBNTBB AND OUTSIDE OP INGOT, ANNEALED. InGOT WAS CAST IN 
IRON MOLD HAVING AN ABBA THREE TIMES AREA OF INGOT. X 20- 
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Fig. 27. — ^Unbtched longitudinal section of longitudinal test bae taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OF INGOT, ANNEALED. InGOT WAS CAST IN 
IRON MOLD HAVING AN AREA EQUAL TO AREA OF INGOT. X 20. 



Fig. 28. — ^Unetchbd longitudinal section op longitudinal test bar taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OF INGOT, ANNEALED. InGOT WAS CAST IN 
SAND MOLD HAVING AN AREA EQUAL TO AREA OP INGOT. X 20. 
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Fig. 29. — ^TJnetchbd longitudinaii section of longitudinal test bab taken 

MIDWAT BETWEEN CBNTEB AND OUTSIDE OF INGOT, ANNEALED. InGOT WAS CAST IN 
SAND MOLD HAYING AN ABEA THBEE TIMES INGOT ABEA. X 20. 


g 
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Fig. 31. — Unetched longitudinal section of longitudinal test bar taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OF FORGED UNANNEALED BAR. InGOT WAS 
CAST IN IRON MOLD HAVING AN AREA FIVE TIMES AREA OF INGOT. X 20. 





112 EFFECT OX STEEL OF VARIATIOXS IX COOLING IN INGOT MOLDS 



Fig. 33. — ^Unbtchbd longitudinal section of longitudinal test bab taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OF FORGED UNANNEALED BAR. InGOT 
WAS CAST IN mON MOLD HAYING AN AREA EQUAL TO AREA OF INGOT. X 20. 




3 


Fig. 34. — ^Unetched longitudinal section of longitudinal test bae taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OF FORGED UNANNBALBD BAB. InGOT WAS 
CAST IN SAND MOLD HAVING AN AREA EQUAL TO AREA OF INGOT. X 20. 


Toil. LXX. — 8 
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Fig, 36. — ^Unetched longitudinal section of longitudinal test bar taken 

MIDWAY BETWEEN CENTER AND OUTSIDE OP FORGED UNANNEALED BAR. InGOT 
WAS CAST IN SAND MOLD HAVING AN AREA THREE TIMES AREA OP INGOT. X 20. 
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(d) (6) if) 

Fig. 37. — Grain size of longitudinal test bars taken midway between 

CENTER AND OUTSIDE OF INGOTS, UNANfNEALED. StBEL WAS CAST AS FOLLOWS: 
(a) IRON-MOLD AREA FIVE TIMES INGOT AREA,* (&) IRON-MOLD AREA THREE TIMES 
INGOT area; (c) iron-mold area equal to ingot area; (d) BAND-MOLD AREA EQUAL 
TO INGOT abba; (fi) SAND-MOLD AREA THREE TIMES INGOT AREA; (f) SAND-MOLD AREA 
FIVE TIMES INGOT AREA. X 3. 
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(a) ( 6 ) 





(d) (e) (/) 

Fig. 38. — Gbain size op longitudinal test bars taken midway between 

CENTER AND OUTSIDE OP INGOTS, ANNEALED. StEEL WAS CAST AS POLLOWS: (a) 
IRON-MOLD AREA PIVE TIMES INGOT ABBA; (6) IRON-MOLD AREA THREE TIMBS INGOT 

area; (c) iron-mold area equal to ingot area; (d) sand-mold area equal to 
INGOT area; (e) sand-mold area three times INGOT area; (/) SAND-MOLD AREA 
FIVE TIMES INGOT AREA. X 3. 





118 EFFECT OX STEEL OF VARIATIOXS IX COOLING IN INGOT MOLDS 



id) ie) if) 

Fig. 39. — Grain size op longitudinal test bars taken midway between 

CENTER AND OUTSIDE OF 4-IN. ROUND BARS FORGED PROM 8-IN. INGOT. StBEL WAS 
CAST AS follows; (a) iron-mold area PIVB TIMES INGOT AREA; (6) IRON-MOLD 
AREA THREE TIMES INGOT AREA; (c) IRON-MOLD AREA EQUAL TO INGOT AREA; (d) 
SAND-MOLD AREA EQUAL TO INGOT AREA; (e) SAND-MOLD AREA THREE TIMES INGOT 
area; (f) SAND-MOLD AREA FIVE TIMES INGOT AREA. X 3. 



Fig. 40. — ^Line of weakness formed where dendrites meet in rectangular 
ingots; caused by too high pouring temperature in molds with sharp corners. 



Fig. 41. — Line of weakness formed Fig. 42. — No line op weakness formed 
where dendrites meet in ingots with in ingots with round corrugations, 
sharp corrugations. 
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FiGf 44i "^L ongitudinal tbabb cattbbd bt PARTiNa in molds; notb fin of mbtal 

BUNNIKO FABALLBL TO CRACKS. 







WILLIAM J. PRIESTLEY 


121 



Fig, 46. — ^Fbactubb showing cboss-sbction of 30-in. nickbl-steel ingot; note how cbacks follow derection op dendritic 

CRYSTALS. 
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from the head of the metal above it. The crack is more likely to occur 
on big-end-down ingots, where the ingot contracts and the mold expands 
leaving the ingot unsupported by the walls of the mold, than in big-end-up 
ingots because, in the latter, as the ingot contracts and the mold expands 
the ingot drops into the mold and always has the walls of the mold to 
support it. Experience has demonstrated, in practice, that the trans- 
verse butt cracks may be eliminated hy pouring the steel slowly and on the 
cold side. 

Molds are being used with vertical ribs or corrugations, which solidify 
quickly and strengthen the shell of the ingot so as to withstand the 
pressure from the ferrostatic head of metal. Cracks frequently occur in 
the corners of square and rectangular ingots used in rolling mills and 
alloy-steel plants. These cracks are caused by the segregation of impuri- 
ties into a plane formed by the junction of dendrites from adjacent mold 
walls; they are also likely to occur in the highest grade steel if it is poured 
at too high a temperature. For a long time, many steel men made the 
error of casting metal at the higher temperatures that could be obtained 
in the electric furnace. Large radii in the corners of the mold, Fig. 40, 
would prevent this defect on steel poured at reasonably low temperature. 

In the case of round ingots commonly used for forging purposes, the 
type of corrugation and temperature at which the steel is poured have an 
important relation with one another. Molds of this type are made with 
from eight to thirty-two corrugations or flutes. For ordnance work, it 
was general practice to use an octagon mold with either a sharp- or a 
roimd-comered corrugation, Figs. 41 and 42; the round-cornered corru- 
gations have proved the most satisfactory in the writer^s experience, 
sharp-cornered corrugations are likely to develop weak planes where the 
dendrites meet; this has been demonstrated by test bars taken from these 
points. These defects have also been witnessed in the slicing of ingots 
preparatory to boring for making hollow forgings; in some instances, 
where the steel was poured on the hot side, small open cracks have been 
seen with the naked eye. 

The type of corrugation that offers the greatest protection against 
cracks for wide variations in pouring temperature is shown in Fig. 42; 
the dendrites do not meet and no plane of weakness is formed. An ingot, 
with sixteen corrugations, where cracks were developed as a result of 
teeming the metal at too high a temperature, is shown in Fig. 43. 

Molds should be designed in such a manner as to relieve the ingot of all 
undue strains during solidification. In Fig. 44 are shown longitudinal 
cracks that occurred diametrically opposite one another on the surface 
of a 30-in. corrugated ingot. Close inspection will show a thin fin of 
metal running parallel to these cracks; the fin was formed by a parting 
or opening in the mold and prevented the ingot from contracting freely 
and set up strains that caused a vertical rupture of the metal. Molds 
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Fig. 46. — Sulfur print from bottom bloom op top-cast ingot One-halp 

ORIGINAL SIZE. 
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should be perfectly smooth and free from indentations that tend to 
the metal and prevent its contracting freely and uniformly. The cross- 
section of this ingot, with long dendritic crystals on the outer surf ace, 
is shown in Fig. 45; it will be noted that these cracks occur in the direetioxi 
of the dendrites, where the metal is weakest. 

Effect of Method of Pouring 

Top pouring is the method most commonly used. The metal iiia:y 
be poured direct from the bottom of the ladle into the mold, orthrougli 
a tun dish with one or more openings. The tun dish reduces the pressure 
caused by the head of metal as it comes directly from the ladle ; this pre?- 
vents a certain amount of splash in the mold. The use of a tun disli 
generally insures a steady stream of metal entering the mold, and corrects, 
to a certain extent, the bad effects of a leaking nozzle or badly filtecd 
stopper. Tun dishes with several openings reduce the rate of teenxing, 
which results in colder pouring and quicker solidification of thesfieel. 
Top pouring gives greater uniformity of composition and structure foT 
deoxidized steel; this, however, is sometimes obtained at the expense of 
a rough and scabby surface. Top pouring results in less segregation and 
piping in the case of deoxidized steel; it causes solidification to start as 
soon as the metal enters the mold. The hot metal poured into the mold 
from the top continues to fill the shrinkage cavity and prevents pipe from 
forming; big-end-up molds, for this reason, have a tendency to reduce 
piping and segregation. Better feeding of the ingot is obtained b:y 
decreasing the chill or wall thickness of the mold toward the top. TTlis 
feeding is still more effective when a hot top of refractory material, or 
some other form of insulation, is used to maintain a pool of hot irretEfcl 
until the center of the ingot has completely solidified. 

Bottom pouring is generally used for ingots requiring a good surface, 
in the case of both deoxidized and open steel. The additional expens e 
of runners and the scarcity of labor, at the present time, prohibit this 
method, except where the increased cost is offset by some desired physical 
property in the ingot that cannot be obtained by top pouring. It is for 
this reason that steel for die blocks, seamless tubing, and sheets are fre- 
quently bottom poured. The metal must be hotter in the ladle for 
bottom pouring than for top pouring, in order to flow through the 
runners. To prevent the steel from being cast at this high temperature, 
which would result in slower cooling, larger grain growth, and greater 
segregation, the molds are often grouped around a common runner-; 
sometimes as many as twelve to fourteen are cast simultaneously. This 
results in very slow casting, in some cases as low as miniute, 

which is advantageous in both deoxidized and open steel, as it results im 
rapid solidification after casting, thereby giving the finest grain size, 
less segregation, and less pipe than if the ingots were cast individually 
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or in smaller groups. In open steel, slow casting gives thicker-skinned 
ingots by permitting the gases to pass off, which would otherwise be 
entrapped and form objectionable blowholes near the surface of the ingot. 

Sulfur prints of 8- by 7-in. blooms, rolled from 22- by 22-in, commer- 
cial, open-steel ingots, containing 0.14 per cent, carbon, 0.34 per cent, 
manganese, 0.026 per cent, sulfur, 0.025 per cent, phosphorus on the 
ladle analysis, are shown in Figs. 46 to 49. These prints illustrate how 
top pouring prevents segregation at the bottom of the ingot, because of 
rapid solidification of the metal, while bottom casting at the same temper- 
ature promotes it. The casting temperature was about 2850° F. It 
will be noted that the bottom-cast ingot is segregated from top to bottom, 
because the hottest metal entered the bottom of the mold at the end of 
the cast and maintained a liquid center throughout the entire period of 
pouring. As this same thing occurs in both open and deoxidized steel 
when bottom cast, it is evident why casting should be done at the slowest 
possible rate. 


Conclusion 

It has been shown in the foregoing that ingotism and segregation, 
the formation of dendrites, and the distribution of intergranular material 
bear definite relations to the rate of cooling and solidification of steel in 
the mold. It has also been shown that steel most rapidly solidified 
in the mold responds most easily to heat treatment. Forging improves 
the physical qualities of steel cooled slowly in the mold, but it caimot 
correct the bad effects resulting from the segregation of intergranular 
material. While steel should be cast in the mold as cold as possible, in 
order to obtain uniform structure and chemical analysis, higher temper- 
atures in the furnace before tapping wiU help rid the steel of occluded 
gases and foreign non-metallic inclusions and give a better and more 
uniform solution of alloys and other desirable constituents. The best 
results are obtained by getting the steel hot in the furnace and making 
all the additions possible before the steel enters the ladle. In some 
cases, the steel is cooled in the furnace, but more often it is tapped into the 
ladle, where it is held until the proper casting temperature is obtained. 
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DISCUSSION 

Emil Gathmann,* Baltimore, Md. (written discussion). — The 
author’s graphic presentation of his experiments emphasizes the impor- 
tance of the rate of cooling in determining the type of solidification of ingot 
structure. For many years, I have considered the rate of cooling of an 
ingot a fundamental factor in determining the chemical as well as the 
physical characteristics of the solidified steel casting, and all my ingot and 
mold designs have been based on this theory. 

The numerous macrographs of similar sections of ingots solidified 
through various rates of cooling and the tables shown should be closely 
studied by all interested in improvements in the chemical and physical 
quality of the steel ingot. Specific attention is directed to Table 1, 
which shows the large variation of carbon segregation in similar ingot 
sections, solidified under quite different times of cooling. 

From the inception of my company’s work in ingot and mold design, 
I have advocated thick heat-absorbing iron mold walls giving a chill 
ratio of approximately 2)^ to 1 and 3 to 1 at the bottom, or lower portion, 
of the ingot, usually tapering toward the upper cross-section of the ingot 
in a 1 to 1 or 134 to 1 ratio. 

The theory of the solidification of steel ingots, as propounded by 
Prof. Bradley Stoughton and Dr. Henry Marion Howe in their papers 
presented before the Institute 1907-08, has been closely followed in 
my general plans of ingot and mold design for many steel plants, and this 
theory has been proved to be fundamental. 

In my early work in ingot and mold design, the principal objective 
was the reduction of the shrinkage cavity, or so-caUed pipe, in the stand- 
ard big-end-down ingot by means of differential cooling of the ingot, the 
mold-wall chill gradually decreasing from the bottom to the top of the 
ingot. In practice with the usual standard big-end-down mold chamber, 
no material improvement in the ingot structure or reduction of pipe 
was obtained. 

I then advocated the big-end-up chamber, but as great opposition 
was made to the extended use of the big-end-up mold, because of some 
necessary changes in administrative practice and fear of reduced tonnage 
production, we changed the taper or draft of the big-end-down ingot 
from the normal H per ft. to 34 iri- end even to He in. per ft. of ingot 
body length, thus obtaining substantially parallel chamber walls. In 
these molds, we used a bottom chill of as much as 6 to 1 with a top ratio 
approximating 1 to 1, and superimposed or suspended a refractory sink- 
head, or feeder, at the upper portion of the mold to insure the maintenance 
of a liquid reservoir of steel until the body of the ingot had solidified. 
Considerable improvement in ingot structure and reduction of primary 
pipe were obtained with this design, but secondary piping and excessive 

* Vice-president and General Manager, Gathmann Engineering Co. 
voi/. liXX . — 9 
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carbon segregation were invariably found to occur in the mid-vertical 
section of ingots. 

We concluded, more than five years ago, and so advised steelmakers 
for whom we were designing ingot-mold equipment, that increased ratio 
of mold chill beyond 2 to 1 was of real value only when employed in con- 
junction with an ingot of inverted pjTamidal form and suitable taper, or 
of our so-called big-end-up type. It is only in the inverted pyramidal 
form of ingot-mold chamber that the outer, or peripheral, skin of the ingot 
remains with the mold walls for any appreciable time, thus allowing unin- 
terrupted absorption or transmission of the heat of the molten solidif 3 dng 
ingot to the mold walls. I have determined from many tests that a 
taper of in- ft. of ingot length is ample when suitable mold chill 
walls are employed for ingots not exceeding 12 by 12 in. section. For 
larger ingots, this taper should be increased to approximately in. for a 
25 by 25 in. ingot. 

In the big-end-down and uniform-chamber molds, an air gap, or space, 
forms within a very short time between the outer solidified skin of the 
ingot and the mold walls, which air gap retards the transmission of heat 
from the ingot to the mold wall, irrespective of the ratio of chill. In 
fact, we have found that a very heavy metaUic mold wall, when used in 
conjunction with the big-end-down ingot, actually increases the time of 
solidification of the interior of the ingot. The only big-end-down molds 
where heavy walls have any chill influence on the condition of the interior 
structure of the ingot are those of the fluid compressed type, of which 
Harmet is the best example. Harmet’s mold has a substantially uniform 
wall thickness giving a chill ratio of approximately 6 to 1 ; the effect of the 
chill is increased by water cooling the outer portion of the mold walls. 
The process was first described in the Transactions of the British Iron 
and Steel Institute in 1902. The Harmet and kindred processes have, 
however, not been introduced in ingot molding, to any considerable 
extent, as the required fluid-compression equipment is cumbersome and 
expensive and not adaptable to tonnage production of quality steel. 

That the greater heat absorptive value of heavy, as compared with 
lighter, metallic or with sand mold walls, favors the important factor of 
rate of ingot solidification has long been well known to many familiar 
with the art. As Doctor Howe frequently stated, the shorter the time of 
solidification, the greater will be the number of independent nuclei from 
which solidification proceeds. This leads to an increase in the number 
and in the rapidity of growth of smaller forms of dendrites extending 
inwardly at right angles from the molded surface, or skin, of the ingot 
when heavy metallic mold walls chill the ingot. A land-locking type of 
solidification is thus formed which prevents, or at least retards, free 
emigration or segregation of non-metallic impurities or matter not in 
solid solution. 
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The increase in the number and in the rapidity of growth of the den- 
drites and decrease in their size is most important, as it prevents, or 
greatly reduces, coarse crystallization and columnar forms of the outer 
parts of the ingot, thus building a more homogeneous and stronger ingot 
structure which is substantially free of clotted segregation. The author 
has shown that such steel is superior in its response to forging and 
heat treatment. 



Fig. 50. — Vertical section in big-end-up ingot. 


Fig. 50 illustrates the general contour and relative dimensions of the 
Gathmann ''big-end-up” ingot, the approximate chill ratio of mold being 
indicated at various ingot sections. About 3,000,000 tons of steel have 
been produced in this design of mold during the past six years, of which 
over 1,000,000 tons were made during the year just ended. 

Particular attention is called to the bottom contour of compound 
radii, which prevent the formation of the so-called butt cracks, referred 
to by the author as being frequently found in vertically tapered or 
straight-ingot contours. Catches, or binding of the ingot to the mold 
bottom, are prevented by this bottom contour, which has made possible 
tonnage production of big-end-up ingots without the necessity of any 
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extensive changes in plant administration. Several thousand ingots of 
this contour are cast daily at over twenty steel plants in the United States. 

Referring to Figs. 40, 41 and 42, I agree entirely with the author’s 
deductions that the horizontal as well as the vertical contour of ingots 
should be such that lines of weakness are eliminated or reduced as 
much as practicable. Although corrugated ingots of suitable design un- 
doubtedly have an outer skin with fewer lines of weakness than the 
usual rectangular or sharply corrugated ingots, I believe that corruga- 


£ 



Fig. 51. — Hoeizontal section of diffbebntial goeneb ingot. 

tions or re-entering angles are, in themselves, harmful if they prevent 
free shrinkage of the ingot without mechanical binding or catches in 
the mold chamber. By many experiments and much study, I have 
found that the surface, as well as the interior structure of the ingot, 
may be considerably improved by giving the mold chamber a definite 
type of contour whereby a polygonal ingot of substantially rectangular 
cross-section is formed; this new ingot section is graphically illustrated 
in Fig. 61. Several steel plants have adopted this type of contour for 
their mill ingots for quality product, in combination with the vertical 
contour and mold chill shown in Fig. 50. Approximately 50,000 tons 
of ingots of this type were rolled last year. 

An inspection of Figs. 50 and 61 wiU show that there is no angular 
interference of projecting dendrites; hence no lines of weakness or 
cleavage planes are formed in either the horizontal or the vertical section 
of the ingot structure, thus fulfilling the requirements set forth by the 
author in his corrugated ingot structure shown in Fig. 42, 
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In quality steel, the surface improvement of the differential comer 
min ingot has shown saving in chipping costs of approximately 20 per 
cent- The value of this ingot section in lower grades of steel cast in 
big-end-down molds has few supporting data, but tests are under way 
that, I believe, will confirm my deductions that here also considerable 
surface improvement will be obtained. 

Many other fundamentals enter into the tonnage production of 
improved quality steel than the factor of solidification of the molten steel 
in the mold. The most important of these may be classified under the 
headings of “ preparation of the molten and suitable finishing of the bath 
before tapping,’^ “rate of teeming of the molds,” of stripping,” 

^'rate of reheating of the ingot,” and “rate of reduction of the ingot.” 
The last named should always be given extreme care, as the ingot, irre- 
spective of its physical condition or chemical analysis, when taken from 
the soaking pit or heating furnace, is merely a heated steel casting and 
all the previous care taken to make it sound may be nullified by improper 
or too rapid working into a forging. 

From the supervision, at many steel plants, of the production and 
working of thousands of ingots of various commercial sizes, I am satisfied 
that the real value of heavy mold walls or chills can be obtained only 
when the ingot has a suitable contour of inverted pyramidal form, which 
is now known in the art as the ‘^big-end-up” type. The ingot should 
have a contour preventing the formation of lines of weakness and this 
contour should be such that mechanical hanging or catches between 
the shrinking, solidifying ingot and the mold chamber walls will not 
normally occur. The author's experiments prove the correctness of 
these conclusions. 

Paul E. McKinney,* Washington, D. C- — ^Actual observation of 
work in a number of steel plants has proved that the methods used in 
solidifjdng the steel are among the most important factors entering into 
the production of either steel ingots or castings. Not only are proper 
methods of solidification necessary for controlling physical characteris- 
tics, such as surface of ingot, grain structure, freedom from ingotism, and 
segregation of the constituents of the steel, but the condition of solidifica- 
tion has a pronounced effect on the purity of the steel and the amoxmt of 
non-metaUic inclusions that will be found in the finished ingot. 

It is weU known that no matter how weU made and how completely 
refined in the furnace, all steel when it enters the ingot mold will contain 
some oxygen and gases capable of reacting with the silicon, manganese, 
and other readily oxidizable constituents of the molten steel. The 
reaction between these elements continues throughout the solidification 
period. In the case of long periods of solidification, these inclusions are 


• U. S. Naval Gun Factory. 
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formed in copious quantities, freeze out in threads and islands between 
the dendrites and grains, and, once formed, cannot be removed by forging 
or heat treatment and must be contended with through all the operations 
of forging and treating the material. When transverse tests are required, 
this condition will invariably be productive of test bars with woody 
structures, or so-called snowflakes, which were such a serious source of 
difficulty in the production of gun steels during the War. It is safe to 
state that good steel can be rendered useless by indifferent practice in 
solidification and that molten steel of questionable quality can be greatly 
improved by the best practice in solidifying the molten metal. 

George A. Dornin, Baltimore, Md. — ^For nearly ten years, my work 
has been the introduction of ingot molds carrying a heavy mold wall; 
this experience now covers the making of over 5,000,000 tons of ingots and 
I agree entirely with the author that rapid chilling of the molten metal in 
an ingot decreases ingotism and segregation and gives wide, and hence 
better, distribution of the intergranular material. No advantage is 
derived from a mold with a chiU ratio greater than 3 to 1 ; I have carefully 
watched the effect of a chill ratio greater than 3 to 1 in a plant making 
1000 tons of high-grade steel a day and could find no benefit from it. 

There is one effect of mold chill, however, that the author does not 
mention and which, in my opinion, is far more important than any other, 
for if it is neglected actual cavities form in the ingot regardless of what 
else is done. These cavities are actual voids and, as they are much larger 
than any aggregate of inclusions can be and as no subsequent heat treat- 
ment or forging has any effect on them, they are the most dangerous of 
steel flaws. They will inevitably be present unless the ingot mold has a 
differential chill ratio sufficient to cause the dendrites to grow much 
more rapidly at the bottom of the ingot than at the top. 

This growth of dendrites is what governs the successive skin thick- 
nesses, or lines of freezing, of ingots during solidification. These succes- 
sive skin thicknesses form the boundary walls of the molten interior of the 
ingot, called by Doctor Howe the '^cave,'' and this cave, if the ingot is 
to be sound when solid, must be in the shape of an inverted cone or 
truncated cone, the walls of which must have enough outward flare from 
bottom to top to prevent bridging. In other words, the converging 
dendrites must meet each other in the center successively from bottom 
to top. 

In my work, I first tried to attain this condition entirely through 
mold-waU chill using a big-end-down ingot having the greatest possible 
chill ratio at its bottom end and the least possible chill ratio at its upper 
end. Hundreds of thousands of tons of ingots were made in this way 
before failure was conceded. The effect of mold-wall chill was then 
combined with the ingot having its big end uppermost and until this 
combination was worked no really sound steel was made. 
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The chill ratio is of no benefit when greater than 3 to 1 at the bottom 
and must be decreased, as we go upward in the mold, to such an extent 
as to give a combined chill ratio in the mold of between 3 to 1 and 4 to 1 ; 
this is necessary to prevent bridging along the axis of the ingot and the 
consequently inevitable formation of a zone of flaws at this point. 

I recently split a forging steel ingot cast in a big-end-down mold of 
standard dimensions on which a refractory hot top had been used. This 
ingot weighed approximately three tons, was made from a carefully 
deoxidized heat of steel, and was poured at the lowest possible tempera- 
ture; hence it may be regarded as good practice in a big-end-down ingot. 
It was approximately 20 in. square. Along the axis of this ingot and 
extending within 10 in. of its bottom end was a flawed zone approximately 
5 in. square. This flawed zone, in one plane, contained more than twenty- 
five flaws varying in length from to ^4 in. Had this ingot been rolled 
into bars for forging not 1 per cent, of it would have been sound; yet it is 
representative of the best that can be gotten with a big-end-down ingot. 
Heavy mold chills would have had no effect on the location or size of 
these flaws. Heavy mold-wall chill is of value in the production of sound 
steel only when it is employed in conjunction with the big-end-up mold 
and when it is used as an aid in outwardly distorting the lines of freezing 
of ingots from bottom to top, hence only when used progressively. 
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Economic Significance of Metalloids in Basic Pig Iron in 
Basic Open-hearth Practice 

By C. L. Kinney, Jr., South Chicago, III. 

(New York Meeting, February, 1924) 

The rapid increase in the amount of steel produced by the basic 
open-hearth process is an index of its ability to produce high-grade steel 
from raw materials of the most varied physical character and chemical 
analysis. This inherent adaptability of the process has resulted in a 
lack of care in the selection of raw materials, so that in far too many 
cases charges are used of a chemical and physical character not justified 
by local economic conditions. 

A practice, or series of practices, should be used that will result in the 
greatest economy for the plant as a whole; therefore, the operations of 
blast furnace and open hearth must be considered together. In this 
paper, an effort has been made to show those variations in both open- 
hearth practice and cost that follow changes in the analysis of the pig 
iron and it may be said that the theoretical costs shown are worthy 
of careful study and consideration. 

Carbon, manganese, silicon, phosphorus, and sulfur constitute the 
principal metalloids in basic pig iron and play the leading role in the 
production of steel by the basic open-hearth process. The percentages 
of each of these metalloids, with the exception of carbon, is a variable 
that has its genesis in the economic relation of the blast-furnace plant 
to its ore and fuel supplies. As the amoxmt of carbon in the iron is a 
saturation function of the temperature at which it is produced, the varia- 
tion in the amount carried is, for any given locality and grade of iron, 
practically negligible and is so considered in the eight heats discussed in 
this paper. 

The melting and refining reactions in an open-hearth furnace, either 
acid or basic, are essentially oxidizing and vary greatly with the type 
and age of the furnace, as well as the character of the fuel employed. 
The outstanding characteristic of the basic process, and the one that 
explains its predominance over the acid, is its ability to form out of the 
lime charged and the phosphorus oxidized from the charge a stable 
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calcium phosphate, which is held in solution by the basic slag. The 
necessity for such a process had its origin in the gradually diminishing 
quantities and increasing cost of iron ores having a phosphorus content 
suflBiciently low to permit the production of iron, which contained an 
amount of this element small enough to make possible its conversion into 
merchantable steel by the acid process. So the problem is how, and to 
what degree, the changes in hot metal constitution affect burdening 
practice, for the open-hearth process is a metallurgical operation that 
takes various materials and produces steel to meet trade specifications; 
and the management must meet these chemical and physical specifica- 
tions in the most economical manner possible. 

In this paper, eight representative heats have been chosen and worked 
out on a chemical, or material, and thermal balance and then combined 
on a cost basis, in an effort to determine what grouping of materials will 
yield the lowest cost to the miU as a unit. 

The conversion of pig iron into steel requires the elimination, as far 
as possible, of the silicon, phosphorus, and sulfur and the reduction of 
carbon. The oxidizing action of the flame with high iron charges must 
be increased by the introduction of iron oxide in the form of ore, for these 
metalloids (except carbon) must be oxidized before they can be taken 
up and held by the slag. The principal slag-forming constituent is 
lime, and enough must be introduced with the charge to absorb 
and carry away the impurities. Any excess lime or ore charged is a 
distinct loss both in heat and material. An excessively thick slag offers 
an increased resistance to heat transfer from gas to bath, and excess ore 
produces an overoxidized and soft melting heat, as well as heavy iron 
losses in the slag. 

In our practice, a charge of 35 per cent, metal (carrying 0.76 per cent, 
silicon, 1.00 per cent, manganese, 0.20 per cent, phosphorus, 4.30 per 
cent, carbon, and 0.04 per cent, sulfur) together with 65 per cent, scrap 
will, under average conditions, melt at approximately 0.50 per cent, 
carbon, which is suflicient when making soft steel to give the active 
carbon boil so essential for the proper refinement of the charge. As is the 
case in all large steel-producing districts, the scarcity and price of heavy 
melting steel scrap make it more economical to substitute the high- 
percentage-iron charge for the scrap; this substitution necessitates an 
enhancement of the oxidizing power of the furnace. This is accom- 
plished by charging in the furnace, with the limestone and scrap, a 
predetermined amoxmt of oxygen in the form of iron ore. The action 
of the oxygen, thus introduced, on the metalloids in the excess iron 
charged is a preferential one, at the temperatures prevailing in the furnace 
at the time the hot iron is poured on the limestone, scrap, and ore previ- 
ously charged. The silicon, manganese, and phosphorus are first oxidized 
and, as the ten^ierature rises, the carbon-oxygen reaction begins to 
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predominate, and on fmther temperature rise it becomes the only one. It 
is at this period of the melt, because of the enormous volumes of carbon 
monoxide and carbon dioxide generated, that the gas-saturated slag 
occupies two or three times its normal volume; to prevent destructive 
erosion of the furnace structure, it is customary to run off from 30 to 40 
per cent, of this total slag. In spite of the fact that this run-off slag 
contains relatively high percentages of iron and manganese, in the form 
of silicates, which if held in the furnace could be more thoroughly reduced 
and their additional oxygen made available and the metal returned to 
the bath, the general practice is to waste this slag; and with cheap iron 
and ores, it is probably more economical to do so than to reduce the size 
of the charges and to use the additional fuel that the greater finishing 
slag volume would necessitate. 

.To illustrate the preceding principles, one scrap and seven ore heats 
have been calculated on a material and heat-balance basis. The analyses 
of the various pig irons and the names by which the heats will be herein- 
after referred to are; 


Cabbon» 

Hba.t Pub Cunt. 

Scrap 4.30 

Standard iron 4.30 

Standard iron, low-silica ore . 4.30 

High-manganese iron 4.30 

High-manganese iron, low- 

silicaore 4.30 

Excess limestone 4.30 

High-silicon iron 4.30 

High-phosphorua iron 4.30 


PiGhIBON ANALTBXS 


SlLICOlT, 

Pub Cunt. 

Phos- 

PHOBU8, 

Pub Cunt. 

Manga- 

NESB, 

Pub Cunt. 

SULPtlB, 
Pub Cunt 

0.75 

0.20 

1.00 

0.04 

0.76 

0.20 

1.00 

0.04 

0.76 

0.20 

1.00 

0.04 

0.75 

0.20 

2.00 

0.04 

0.75 

0.20 

2.00 

0 04 

0.76 

0.20 

1.00 

0.04 

1.75 

0.20 

1.00 

0.04 

0.75 

0.70 

1.00 

0.04 


The scrap charge was 35,000 lb, hot metal and 65,000 lb. heavy scrap; 
all others were made up of 65,000 lb. hot metal, 35,000 lb, of scrap, and 
varying amounts of ore. “Low-silica ore’^ means that the ore carried 
4.62 per cent, silica instead of 9.29 per cent, as in the other cases. 

It may be properly asked what advantage may be gained or reliance 
placed on results of heats calculated in this maimer; all were calculated 
using the same factors and, in the cases that correspond to operating 
conditions in the Chicago district, the theoretical results obtained 
corresponded very satisfactorily with our actual operation. These 
typical heats, on a cost basis, showed the following results: 


Scrap 129.11 

Standard iron 36.70 

Standard iion, low-silica oie. . 30.27 
High-maiiganese iron 30.27 


High-manganese iron, low-siHca ore. $20.77 


Excess limestone 31.57 

H^h-silicon iron 32.21 

High-phofiphorus iron 81.12 



TabiiB 1 , — Comparative Costs of the Different Heats. Based on the Codcvlated Chemical and Thermal 

Balance Sheets and Market Prices of April, 19SS 
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p 

B 

bO 

a 

III 


S28.86 

$27.03 

CO 

C4 

4* 

$30.27 

Amount 

S 812.50 
0.39 
376.12 
27.84 

8.04 

to O 00 

00 CJ IH 

t-? 

«» 

g CO CO o ^ oi 

IS •» 

q o 

Cl t'. 

d 

G> 00 

04 

40 flO 


Tons 

29.02 

0 014 
16.63 

2 32 

0.055 

0.460 

1.400 

3 00 
0.184 
1.12 
11.04 
5.34 


standard Iron 
Low-ailioa Ore 

Cost 

DOT 

Ton 


$29.14 

0) 

w 

i 

04* 

•» 

$30.27 

Amount 

% 812.56 
1.12 
875.12 
25.44 

26.83 

$1,240 57 

$ 11.21 
28.06 

o o go go lo ^ 

00 O O O 01 o 

g « O g N 

« 

$ 87.32 

$1,288,62 

1 

Tons 

20.02 

0.040 

15.63 

2 12 

0.162 

0.467 

1.403 

Q CO « lO r-l 

O tH iH b. O 

04 d a> 


Standard Iron 
High-oUica Ore 

Cost 

per 

Ton 


i 

i 

$ 2.23 

$30.70 

Amount 

$ 812.56 
1.32 
375.12 
25.44 

80.71 

to W CD 

TH C« O 

1 

«» 

$1,205.88 

$ 5.88 

8.08 
10.08 
73.01 
$ 2.56 

s $ 
i s 

CO 


Tons 

29.02 

0.047 

15.68 

2.12 

0.180 

0.467 

1.403 

-tjl W « CO O 

OO T-t T-l ■«|H 

04 d iH o d 



Scrap 

in 


3 

i 

$27.40 

tH 

40 

$29.11 

Amount 

$ 437.64 
0.08 
606.48 

23.08 

$1,158.18 

$ 10.70 

26.78 

$1,120.70 

$ 2.10 
8.08 
4.01 
59.71 
0.90 

S 69.80 

11,190.50 


Tons 

15.63 

0.035 

20.02 

0.142 

0.446 

1.839 

1 05 

0.134 

0.446 

8.53 

1.79 




$ 28.00 
28.00 

24.00 

12.00 

162.50 

$ 24.00 
20 00 

$ 2.00 
23.00 

9.00 

7.00 
0.50 



Materials Used 

Bade not metal. 

Iron in ferromanganese . 

Heavy melting steel scrap 

Metal from ore 

Pure ^manganese irom 80 per cent, 
fetro 

Qross metallto mixture. 

Hea^ scrap reoovered. 

Pit scrap reoovered 

Net metalUo mixture 

Idmestone 

Fluorspar 

Calcined dolomite 

Coal 

Slag disposal 

Total...., 

Total cost 

Cost per ton of ingots. 












Table 1. — {Continued) 
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Iron 

Cost 

per 

Ton 

I 

! 

0 
tc 

1 

328.03 

Oi 

rH 

04 

«fr 



$31.12 

3 

1 

t 

A 

s 

'Eb 

Amount 

1 

€ 812 50 
1.00 
375.12 
30.72 

37.06 

00 w 
O so ?0 

to I-I X 

tx. « 

ei . 

TM 

i* 

$1,217 40 

$ 8 40 

3 OS 
10 08 
81 20 
3.20 

S 106 02 

Sl,323 42 


1 

Tons 

20 02 

0 057 
15 03 
2.50 

0.228 

oi to 

r-i 
^ Til 

O 

4 23 
0.134 
1.12 
11 60 

6 39 



•on 

Cost 

per 

Ton 

1 

fH 

o 

Si 

09 

04 

1 

8 

04 

«* 

1— I 
04 

04 

SS 

d 

o 

0 

1 
w 

a 

Amount ' 

1 

S 812 56 
1.85 
875.12 
30.00 

42 74 

« 

<» •-* 00 

O '-t N 

09 

«e «* 

$1,228.27 

$ 13 46 

3 08 
10.08 
94 57 

4 69 

X ta 

00 1-J 

X d 

04 X 

th To 

•» •» 


1 

I 

1 H 

20 02 

0 000 
15.63 

3 00 

0.203 

gs 

Tji Tij 

o’ 

6 73 

0 134 

1 12 
13 61 

9 38 



Ezoeaa Limestone 

Cost 

per 

Ton 


00 

cs 

$28 88 

06 

to 

04* 

TO 

tH 

s 

< 

$ 812 56 
1.67 
375.12 
25.44 

36.56 

uo 1-^0 

04 09 O 

X 

to 04 

09 

«» •» 

$1,211.98 

$ 10 42 
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While the scrap heat does not represent regular practice in the South 
Chicago district, it is included to show what economies might be realized 
by this simple melting process, when the relative cost of heavy melting 
scrap and iron permit. The heats with the low-silica ore have been 
included to show the savings possible from this source. The excess- 
limestone heat was included to show that this customary method of 
reducing sulfur is expensive. 

As already mentioned, the open-hearth reactions are highly oxidizing, 
and the oxidizing capacity. of the furnace when high percentages of iron 
are charged must be enhanced by the introduction of an amount of 
oxygen in the form of iron ore. The demand for ore will depend on 
the type and age of the furnace and the weight of metalloids 
charged. The method of determining the amount of ore needed will be 
explained later. 

While the exact constitution of a basic open-hearth slag is not thor- 
oughly understood and analyses vary over wide limits, a good slag will 
always possess certain outstanding characteristics. Such a slag may be 
considered to consist of a phosphate and a silicate portion, the for- 
mer being held in solution by the silicate slag. Moreover the basic 
and acid constituents must be so proportioned as to permit the slag 
to hold the impurities, and also to be of the proper consistency at 
the temperature of the furnace. This physical property might be 
termed fluidity. 

So with a set of factors for determining the amount of ore and lime 
and the quantity of slag that the charge would yield, the chemical balance 
sheets for the eight heats were worked out, as well as the thermal balance 
sheets. Data on how much coal would be required to supply the heat 
needed to balance the heat generated and heat absorbed were taken from 
a paper by G, R. McDermott and myself,^ as well as the general method 
of calculating the thermal balance sheets. 

Using these values for material and coal, as well as product and scrap, 
a comparative cost sheet was made for the various heats, using market 
quotations of April, 1923, as the base price, with the results shown in 
Table 1. It will be noted that the high-manganese iron and low-silica ore 
heat has a price advantage of $0.50 a ton over all the other ore heats. 
Next come the standard-iron low-silica ore and high-manganese iron 
high-silica ore heats, which are about on a par. The standard-iron high- 
silica ore heat costs $0.43 a ton more than the standard-iron low-silica 
ore, while the excess-limestone, highnsilicon iron, and high-phosphorus- 
iron heats cost from $0.42 to $1.51 a ton more than the standard-iron 
high-silica ore heat. 


1 The Thermal Efficiency and Heat Balance of an Open-hearth Furnace, Year 
Book, Am. Iron and Steel Inst. (1922) 464. 




Table 2. — Pradice Data of the Different Heats 

standard Iron Standard Iron Hish-man^anose I 

^ High-6iUoa Ore Low-siUoa Ore High-eilioa Ore 


142 MBTAIiLOIDS IN BASIC PIG IKON IN BASIC OPBN-HBABTH PKACTICB 



C. L. KINNBT, JR. 


143 


For convenience a condensed cost and practice sheet, which shows 
some of the salient features of the various heats, and a condensed thermal 
balance sheet, are given as Tables 3 and 4; the complete ones are given 
as Tables 5-12. 


Table 3. — Corribined Practice and Cost Sheet 


Tsnpe of Charge 

Weight Iron Ore, 
Pounds 

Weight Total 
Charge, Pounds 

Tons of Ingots 

Per Cent. Ingots 

Residual Mn, 

Per Cent. 

SO Per Cent. 

FeMn Added, 
Pounds 

Weight of Slag, 
Founds 

JS 

n 

1 

|s 

|a 

y 

i. 

Ill 

Cost per Ton 

Scrap 

0 

100,000 

40.90'91.62 

0.24 

413 

4,003 

536 

219 

*29.11 

Standard iron, high- 
silica ore. : . . 

4,746 

104.746 

1 

42 36 90.58 

0.20 

530 

11,423 

1,728 

1 

30.70 

Standard iron, loiv- 
silica ore 

4,746 

104,746 

42.67 

91.04 

0.23 

463 

8,976 

I 

1,274 

466 

30.27 

High-manganese iron, 
high-silica ore 

6,188 

105,188 

42.44 

90.39 

0.34 

158 

11,965 

1,432 

1 

1 913 

30.27 

High-manganese iron, 
low-silica ore 

5,188 

105,188 

42 . 70 i 90.02 

0 40 

54 

9,254 

940 

841 

29.77 

Excess limestone. . .. 

4,746 

104,746 

41. 97189.76 

0.16 

631 

15,465 

2,536 

544 

31.67 

High-silioon iron 

6,718 

106,718 

42.04 88.23 

0.12 

736 

20,897 1 

3,624 

589 

32.21 

High-phosphorus iron. 

6,726 

105,725 

42.53,90.11 

1 

0.16 

640 

14,318 1 

1,918 

541 

31.12 


Table 4. — Condensed Thermcd Bcdance Sheet 


Type of Charge 

Heat 
Absorbed, 
Millions j 
B.t.u. 

Heat 

Qener- 

atedr 

Millions 

B.t.u. 

Heat to 
bo 

Supplied 

in 

Furnace, 

Milhons 

B t.u. 

At 17.3 
Per Cent. 
Effective 
Heat to 
be 

Supplied 
in Qas, 
MiHions 
B.t.u. 

At 10,625 
B.t.u. per 
Pound 
Total 
Pounds 
Coal per 
Heat 

Pounds 

of 

Coal per 
Ton of 
Ingots 

Scrap 

46.84 

11.71 

35.13 

203.06 

19,111 

467 

Standard iron, bigh-silioa 







ore 

64.71 

21.77 

42.94 

248.21 

23,361 

551 

Standard juron, low-sUica 







ore 

62.04 

21.43 

40.61 

232.06 

21,841 

511’ 

Higk-manganese i r o n, 







lugh-Hsilioa ore 

68.74 

23.27 

45.47 

262.83 

24737 

583 

High-manganese iron, 







low-sOiea ore. . 

65.38 

22.85 

42.53 

245.84 

23,137 

542 

Excess limestone. 

70.67 

21.84 

48.83 

282.25 

26,564 

633 

High-sOicon iron 

85.84 

30.20 

55.64 

321.61 

30,269 

720 

Hij^tphosphonis iron. . . 

74-60 

26.77 

47.83 

270.47 

26,021 

612 
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The amount of ore required for a 65 per cent, iron heat depends largely 
on whether all of the slag is held in the furnace or whether part of it is 
run off- In the first case, time is allowed for all the earthy bases to work 
up and convert the iron and manganese silicates into their oxides and 
basic silicates; then, by the reducing action of the carbon boil, iron and 
manganese are free to return to the metal bath. The other practice calls 
for enough ore to convert the manganese and silicon into silicates and the 
phosphorus into ferrous and ferric phosphate, in which form they are 
largely removed from the furnace in the run-off slag. The required 
amounts of ferric oxide in the form of ore for each method are shown in 
the following table,® and are applicable to actual operating conditions. 
For the sake of simplicity, the costs and thermal and chemical balance 
sheets shown are based on the first-named practice. 

• PasR Cdnt. op FbsOs 

No Run-opp With Run-opp 

1 per cent, silicon requires 4.32 7.62 

1 per cent, phosphorus requires 4.30 7.80 

1 per cent, manganese requires 0.97 0.97 

1 per cent, carbon requires 3.60 4.44 

The metalloids in part of the pig iron may be considered to be elimi- 
nated by the oxidizing capacity of the furnace, while those belonging to 
the remaining quantity of pig iron charged determine the ore require- 
ment. In practice, it is found that a scrap heat composed of 65 per cent, 
light scrap and 35 per cent, pig iron melts at about 0.50 per cent, carbon. 
This so-called oxidizing power of a furnace is largely measured by the 
amount of iron oxide, or scale, formed during the melting down of the 
scrap. With ore heats, this oxidizing action is somewhat less; and for 
the cases under consideration was considered to be 10 per cent, less than 
in the scrap heat. So the ferric oxide charged for the standard ore heat 
will be that required to eliminate the metalloids from 33,000 lb. of pig 
iron. The requirements for the high-silicon, phosphorus, and manganese 
iron heats will be the standard ore figure plus the iron oxide needed to 
eliminate the increased quantity of metalloids charged. 

One of the most vital factors in the economical operation of a basic 
open-hearth furnace is the slag; and on account of improper composition 
and excessive volumes, the process as a whole suffers very grave losses. 
While such losses cannot be entirely eliminated, because of lack of ability 
to forecast accurately the variation in the quantities of acids to be charged, 
the tendency at all times is to charge an excess of earthy bases to care 
for the occasional peak of acids. The determination of the quantities of 
earthy bases to be charged for any given amoxmts of silica and phosphorus 

* Carl Dichmann: ‘^The Basic Open-hearth Steel Process," Tr. by AUeyne 
Reynolds. D. Van Nostrand Co,, New York, 1911. 
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Table 6. — ConUnued 
Thermal Balance Sheet 


Heat Abbobbes 


Thbbmoohemical Chakqss 


Reduction of oxides of iron 
Heat of formation of Fe^Oa 3240 
Heat of formation of FeO 2430 
Input 

FesO* -» FeO - 

Heat of formation 
Fe*Oi 
FeO - 
Total - 
Output 

Tapping slag « FeO -> 691 X 2430 « 1.68 X 
10 » 

Moisture in ore 
Total weight of ore » 

Per cent, mc^ture 
Total water 

Total heat to xnahe steam at 212^ 

Spedfio heat of steam » 0.42 + 0.00013 (2800 + 
212) » 0.81 

Heat in superheat » (2800 — 212)0.81 « 
Total - 

Decomposition of limestone 
Heat of formation CaCOi per lb. 772 B.t.u. 
Total limestone ">2343 lb. 

Total heat required 2^ X 772 « 


Moisture 1.5 x>er cent. ■> 351 lb. 
Total httit to make steam >■ 

351 X 1092 - 
Heat in superheat «■ 

351 X (2800 - 212) X 0.81 - 


1.81 X 10« 

0.38 X 10» 
0.74 X 10« 


Total - 


1.12 X 10« 


Decomposition of improperly burned dolomite 
Total weight of dolomite » 1000 
Volatile => 15.54 per cent. ■■ 155 
Assumed 98 per cent. » 152 exists as COi 
To drive off COa *■ 1756 B.t.u. per lb. 

Total heat to drive off COa •- 1756 X 152 - 
027 X 10« 

Thbbmophtsical Change 

Hot metal 35,000 lb. Temperature — 2474” F. 
Tapping temperature » 3080” F. includes 
emissivity factor 

Temperature rise (3080® — 2474”) » 606® F. 
Spedfio heat *■ 0.2 

Heat absorbed « 35,000 X 606 X 0.2 ■■ 

4.24 X lOB 

Scrap » 65,000 lb. Temperature >■ 62” F. 
Melting temperature scrap — 2795® F. 

Heat required to bring to melting temperature 
65,000 X 2783 X 0 16 » 28.42 X 10* . 
Latent heat of fusion » 72 B.t.u. 

Total heat of fusion >■ 65,000 X 72 «■ 

4.68 X lOB 

Heat to raise to temperature of bath » 

(3080 - 2795) 66,000 X 0.2 - 3.71 X 10 
Total heat - 36.81 X 10* 

Total heat in molten slag 
Heat in tapping slag 4003 X 1066 » 

4J27X lOB B.t.u. 
Total heat absorbed » 46.84 X 10* B.t.u. 


Hsat Genbbatbd 


Ozidataon of carbon, wdght » 1442 
Heat of formation ot CO from C per lb. «« 
4374 B.t.n. 

Heat generated » 4374 X 1442 « 6 31 X 10* 
Oxidation of manganese, weight "• 878 lb. 

Heat of formation of MnO » 2984 B.t.u. 

Heat generaM « 2984 X 378 » 1.13 X 10* 
Oxidation of sUioon, wdght « 263 lb. 

Heat of formation of mOs 11,693 B.t.u. 


Heat generated 11,693 X 268 - 

, , , 3.08 X 10* 

Oxidation of phosphorus wdght » 67 lb. 

Heat of formation of PtOi ** 10,825 B.t u. 
Heat generate » 10,825 X 67 = 0.78 X 10* 
Heat of formation of slag weight >■ 4003 lb. 

Heat of formation of slag » 115 B.t.u. 

Heat generated » 4003 X 115 -i 0 46 X 10* 
Total heat generated — 11.71 X 10* B.t.u. 


AuTHOBITIES FOB 

Tbebmochehical Changes 
Iron oxide reduction — ^Biohards 
Decompodtion of limestone — U. S. Bur. of Stand- 
ards. 

Oxidation of C, Mn, S, P— Bichards, LeChatdier, 
Berthelot, Thomson 

Formation of slag, calculated using Biohards’ 
values 


CONBTAHTS USBD 

Thbbuophtsical Changes 
Specific heat, pig iron — 0.1665 — Oberhoffer 
Specific heat, soft steel — 0.16^Meuther 
Intent heat of fusion, pig iron— Hutter 
Latent heat of fusion, sted — average value— 
Jetner, Biohards, Brisker 
Heat in molten slag — Springorum 


Thebmal Balance Sheet 


Heat Abbobbbd 

Bed. of oddes of Fe —-1.68 

Absoip. moist, of ore 
Decomp, of limestone ■> 1.81 

Absoip. moist, of limestone ■■ 1.12 

Deoomp. of ddomite « 0.27 

Heat in molten dag 4.27 

Heat added to mixer metal i- 4.24 

Heat added to scrap ■■ 36.81 

Heat OBNEBAffEn 

Oxidation of C - 6.81 X 10* 
Oxidation of Mn * 1.18 X 10* 


Oxidation of Si 3.08 X 10* 

Oxidation of P - 0.78 X 10* 

Heat form, dag 0.46 X 10* 

Balance heat to be simplied by combustion of 
gases in furnace 35.13 X 10* 

Total B.t.u. 46.84 X 10* 

Thebmal EmoiBNOT of Bath 
Thermal efiidency of furnace >■ 17.3 per cent. 
B.t.u. in gas per pound of coal a 10,625 
Total B.t.u. to be supplied in producer gas » 
86.18 X ig« _ ^ 


0.178 

Total ooal burned » 19,111 lb. 



Table 6. — Standard Iron, HighrsUica Ore, Furnace Charge 
Chemical Balance Sheet 
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Table 6. — Continued 


Thermal Balance Sheet 

Heat Absorbed 


Thebmochemical Ceanqbs 

Reduction of oxides of iron 
Heat of formation of FesOi = 3240 B.t.u. 

Heat of formation of FeO » 2430 
Input 

FeaOi « 6,661 FeO - 108 

Heat of formation 

Fe*0» - 6661 X 3240 - 21.68 X 10« 

FeO -» 108 X 2430 » 0.26 X 10« 

Total - 21 84 X 10« 

Output 

Tapping slag FeO « 2229 X 2430 » 

6.42 X 10« 

Moisture in ore 
Total weight of ore « 9170 
Per cent, moisture *■ 8 
Total water »■ 734 

Total heat to make steam at 212^ « 734 X 
1002 »080 X10« 

Spedfic heat of steam « 0 42 + 0.00013 X 
(2800 + 212) - 0 81 

Heat in superheat ■■ 734 X (2800 — 212) X 
0.81 - 1.64 X 10« 

Total *» 2 34 X 10« 

Decomposition of limestone 
Heat of formation CaCOs per lb. » 772 B.t.u. 
Total limestone 6584 
Total heat required - 772 X 6684 - 

6.08 X 10« 

Moisture 1.6 per cent. «« 99 
Total heat to make steam « 

99 X 1092 - 1092 « 0.11 X 10® 

Heat in superheat 2096 X 99 «> 0.21 X 10® 


Decomposition of improperly burned dolomite 
Total weight of dolomite » 2600 lb. 

Volatile *» 16.64 per cent. ** 389 lb. 

Assumed 98 per cent — 381 exists as CO a 
To drive off CO* 1766 B t u. per lb. 

Total heat to drive off COi = 1756 X 381 « 
0.67 X 10® 

Thxbuophtsioal Chavob 

Hot metal »■ 65,000 lb. Temperature ** 2474® F. 
Tapping temperature 3080® F. indludea 
emissivity factor 

Temperature nse (3080® - 2474®) «■ 606® F. 
Specific heat >*0 2 

Heat absorbed » 66,000 X 606 X 0.2 » 

7 88 X 10® 

Scrap « 35,000 lb. Temperature » 62® F. 
Mdting temperature scrap 2795® F. 

Heat required to bring to melting temperature » 
35,000 - 2,733 X 0 16 « 16 30 X 10® 

Latent heat of fusion » 72 B.t.u. 

Total heat of fusion » 36,000 X 72 » 

2 62 X 10® 

Heat to raise to temperature of bath a (3080 — 
2796) 36,000 X 0 2 « 2.00 X 10® 

Total heat « 19.82 X 10® 

Total heat in molten slag 
Heat in tapping slag a 11,423 X 1066 a 
12.18 X 10® B.t.u. 

Total heat absorbed — 64.71 X 10® B.t.u 


Total < 


0.32 X 10® 

Heat Generated 


Oridation of carbon, weight a 2667 lb. 

Heat of formation of CO from C per lb. a 
4374 B.t.u. 

Heat generated a 4374 X 2667 a 

11.67 X 10® 

Oxidation of manganese, wmght a 604 lb 
Heat of formation of MnO « 2984 B.t u 
Heat generated a 2,984 X 604 « 1.80 X 10® 
Oxidation of silicon, weight a 48$ lb 
Heat of formation of SiOs a 11,693 B.t.u. 


Heat generated - 11,693 X 488 a 5.71 X 10® 
Oxidation of phosphorus, weight » 129 Ib. 

Heat of formation ofPaOs a 10,825 B.t.u. 

Heat generated a 10,825 X 129 a 

1.40 X 10® 

Heat of formation of slag weight a 11,423 lb. 
Heat of formation of mag » 104 B.t.u 
Heat generated « 11,423 X 104 « 

1.19 X 10® 

Total heat generated a 21,77 x 10® B.t.u, 


Adthortitbs for Constants Used 


TBBBUOOHBMiaAL C39tANOB8 
Iron oxide reduction — ^Riohards 
Decomposition of limestone — U S. Bur. of Stand- 
ards 

Oxidation of G, Mn. F— Richards, LeChatelier, 

Bertbdot, Tlioixison 

Formation of slag, oidoulated using Richards* 
values 


ThEBMOPHTSICAL CHANaBS . 

Specific heat, pig iron — 0.1666 — Oberhofter 
^ecifio heat, soft steel — 0.16 — Meutheri 
Latent heat of fusion, pig iron-— Hutter 
Latent heat of fusion, steel — average; value— 
Jetner, Richards, Brisker 
Heat in molten slag — Springorum { 


Thermal Balance Sheet 


Hbat Absobbbd 

Red. of oxides of Fe - 16.42 

, Absorp. moist, of ore a 2.34 

I Deoomp. of limestone a 5,03 

Absorp. mdst. of limestone a 0.32 

Deoomp. of dolomite a o.67 

Heat in molten dag » 12. 18 

Heat added to mixer metal a 7. 88 
, Heat added to scrap a 10.82 

HbAST G^BBBACTn 
‘Oxidation of C - 11.67 X lo® 
Oxidation of Mn a 1.80 X 10® 
Oxidation of Si - 6.71X10® 


Oxidation of Si a 5.71 X 10® 

Oxidation of P - 1 .40 X 10® ? 

Heat form, sl^ a 1.19 x 10® 

Balance heat to be suxmlied by combustion oi 
gases in fumaoe a 42.94 X 10® 

Total B.t.u. a 64.71' X 10® » 

TkaniiAL EuwoiBNoy op Baib 
Thennal efficiency of furnace a 17.3 per cent, 
B.t u. in gas per TOund of coal a 10, 625 
Total B.t.u. to be supplied in producer gas a 

^ 

Total coal burned a 28,861 Ib. 
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150 METALLOIDS IN BASIC PIG IRON IN BASIC OPEN-HBARTH PRACTICE 


Table 7. — Continued 
Thermal Balance Sheet 


Heat Absobbed 


Thxbvoohzuzoal Cbangbs 

Reduction of ozid€» of iron 
Heat of formation of FtO« « 3240 
Heat of formation of FeO 2430 
Input 

FesOs o. 6781 FeO >- 100 

Heat of formation 

FejOi - 3240 X 6781 - 21.97 X 10* 

FeO «=«2430 X 100 « 0.24 X 10* 

^ Total 22.21 X iO* 

Output 

Tapping slag « FeO • 1644 X 2480 « 3.99 X 10« 
Moisture in ore 
Total weight of ore »■ 8462 lb. 

Per cent. ■■ 8 20 
Total water ■■ 694 
Total heat to make steam at 212° 

694 X 1092 « 0.76 X 10« 

Spedfio heat of steam 0.42 + 0 00018 X 
C2800 + 212) » 0.81 

HMtinm^heat « 694 X (2800 -212)0^1 - 

Total «221 XIO* 

Oecomiiosition of hmestone 
Heat of formation CaCOs per lb. « 772 B.t.u. 
Total limestone » 4478 
Total heat reauired « 772 X 4478 » 8.46X 10* 
Moisture 1.6 per cent, m 67 
Total heat to make steam 

67 X 1.092 - 0 07 X 10* 

Heat in superheat ■« 2,096 X 67 « 0,14 X 10* 
Total « 3.67 X 10* 


Decomposition of improperly burned dolomite 
Total wmght of dolomite 2500 lb. 

Volatile » 15.64 per cent. « 389 lb. 

Assumed 98 per cent. 889 •-* 881 exists as COa 
To drive off COi ■■ 1766 B.t.u. per lb. 

Total heat to drive off CO* » 1766 X 881 *« 
0.671 

TeEBMOFBTSICAXi CBABaB 

Hot metal » 65,000 lb. Temperature ■■ 2474° F. 
Tapping temperature 3080° F. includes 
emissivity factor 

Temperature rise (3080 — 2474) « 606° F, 
Specific heat » 0.2 

Heat absorbed » 65,000 X 606 X 0.2 - 

7.88 X 10* 

Scrap •- 35,000 lb. Temperature — 62° F. 
Melting temperature scrap 2796° F. 

Heat required to bring to melting temiieratiire >■ 
2733 X 36,000 X 0.16 - 16.80 X 10* 

Latent heat of fusion » 72 B.t.u. 

Total heat of fusion 35,000 X 72 ■« 

2.62 X 10« 

Heat to raise to temperature of bath 86,000 X 
286 X 0.2 - 2.00 X 10® 

Total heat - 19 82 X 10* 

Total heat in molten slag 

Heat in tapping slag ^ 8975 X 1066 » 
9.67 X 10* B.t.u. 

Total heat absorbed ■* 62.04 X 10* B.t.u. 


Heat Generated 


Oxidation of carbon, wdght » 2066 lb. 

Heat of formation oi CO from C per Ib ■> 
4874 B.t.u. 

Heat generated ■■ 4374 X 2666 « 

11.66 X 10* 

Oxidation of manganese, weight 666 lb. 

Heat of formation of MnO « 2984 B.t.u. 

Heat generated - 2984 X 666 « 1.69 X 10* 
Oxidation of silicon, weisht » 488 lb. 

Heat of formation of BiOs «• 11,693 B.t.u. 


Heat generated « 11,693 X 488 «■ 

6.71 XIO* 

Oxidation of phorohorus, wdght 125 lb. 

Heat of formation of PsOb » 10,825 B.t.u. 
Heat generated 10,826 X 126 — 

1.36 X 10* 

Heat of formation of slag, weight « 8976 lb. 
Heat of formation of slag 114 B.t.u. 

Heat generate » $975 X 114 1.02 X 10* 

Total heat generated 21.43 B.t.u. 


Attthoritxbs fob 

TBBBMOOHBaaCAL CSABOBS 

Iron oxide reduction— Richards 
Deoompoeition of limestone — ^17. S. Bur. of Stand- 
ards 

Oxidation of C, Mn, P— Hiohards, LeChatdier, 

Berthelot, Ihomson 

Formation of slag, calculated using Richards* 
values \ 


Constants Used 

Thskuophtbioal Changxs 

Specific heat, pig iron — 0.1666— Oberhoffer 
Specific heat, soft steel — 0.16 — Mouther 
Latent heat ^ fusion, pig iron — Hutter 
Latent heat of fusion, steel — average valw 
Jetner, Richards, Brisker 
Heat in molten slag — ^Springorum 


Thermal Balance Sheet 


'HTmAy An^nimEm 

Red. of oxides of Fb » 18.22 

Absorp. mmst. of ore ■« 2.21 

Decomp. of limestone -* 8.46 

Absorp. moist, of limestozie » 0.21 
Deooxnp. of dolomite 0.67 

Heat in molten slag >■ 9.67 

Heat added to mixer metal ** 7.88 
Heat added to scrap ■■ 19.82 

Heat GasraBATSD 

Oxidation of C > 11 . 66 X 10* 
Oxidation of Mn "> 1.69 X 10* 


Ozidatfon of Si - 6.71 X 10* 

Oridation of P ■« 1.85 X 10* 

Heat form, sl^ >■ 1.02 X 10* 

Balance heat to be simplied by combustion of 
gases in furnace 40.61 X 10* 

Total B.t.u. -62.04 X 10* 


THTOMi^Ti BmoixNOT or Babt 
Thermal efficiency of furnace — 17 3 per cent. 
B.t.u. in gas per pound of coal — 10,625 
Total B.t.u. to be supplied in inroducer gas — 
40.61 X 10* 


- 282.06 X 10* B.t.u. 


Total coal burned — 21,841 , 
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152 METALLOIDS IN BASIC PIG IRON IN BASIC OPEN-HEARTH PRACTICE 


Table 8. — Continued 


Thermal Balance Sheet 


Heat Absorbed 


Thekuocbbmical CBAKaSS 

Reduction of oxides of iron 
Heat of formation of FexOs => 3240 
Heat of formation of FeO «> 2430 
Input 

FeaOs « 7281 FeO - 118 

Heat of formation 

PeaOj - 7281 X 3240 » 23 59 X 10« 
FeO - 118 X 2430 « 0 29 X 10* 


Total - 23 88 X 10« 

Output 

Tapping slag — FeO ■■ 1847 X 2430 ** 

4 49 X 10* 

Moisture in ore 
Total weight of ore « 10,023 
Per cent, moisture 8 
Total water » 802 
Total heat to make steam at 212^ 

802 X 1092 * 088 X 10* 

Specific heat <of steam « 0 42 + 0 00013 X 
(2800 + 212) » 0 81 

Heat in superheat 802 X (2800 — 212) 0.81 « 
1.68 X 10* 

Total *■ 2 66 X 10* 

Decomposition of limestone 
Heat of formation CaCOi per lb. *■ 772 B t.u. 
Total limestone 6915 
Total heat required ■» 6915 X 772 

6.34 X 10* 

Moisture 1.5 per cent. ■■ 104 
Total heat to make steam « 

104 X 1092 « 0.11X10* 

Heat in superheat 104 X 2096 *0.22 X 10* 


Total « 0 33 X 10* 


Decomposition of improperly burned dolomite 
Total a eight of dolomite * 2500 lb. 

Volatile * 15 54 per cent =*« 389 lb. 

Assumed 98 per cent. * 381 exists as COx 
To drive off COx =■ 1756 B.t u. per lb. 

Total heat to drive off COx « 1766 X 381 » 
0 67 X 10* 

Tebbmophysical Chabob 

Hot metal * 65,000 lb. Temperature * 2474® F . 
Tapping temperature ■■ 3080®F, Includes 
emissivity factor 

Temperature rise (3080 — 2474) * 606® F . 
Spedfio heat * 0.2 

Heat absorbed - 65,000 X 606 X 0.2 * 

7.88 X 10* 

Scrap » 86,000 lb. Temperature * 62® F. 
Melting temperature scrap * 2795® F. 

Heat required to bring to melting temperature * 
35,000 X 2733 X 0.16 - 16.30 X 10* 

Latent heat of fusion -• 72 B.t u. 

Total heat of fusion * 35,000 X 72 * 

2 62 X 10* 

Heat to raise to temperature of bath -• (3080 — 
2795) 35,000 X 0.2 - 2.00 X 10* 

Total heat - 19.82 X 10* 

Total heat in molten slag 
Heat in tapping slag * 11,066 X 1066 *= 
12.76 X 10* B.t.u. 

Total heat absorbed ■* 68.74 X 10* B.t u. 


Heat Generated 


Oxidation of carbon, weight * 2666 lb. 

Heat of formation of CO from C per lb, * 
4874 B.t.tt. 

Heat generated * 4374 X 2667 * 

11.60 X 10* 

Oxidation of manganese, weight * 1115 lb. 

Heat of formation of MnO * 2984 B.t u. 

Heat generated * 2984 X 1115 » 

3 83 X 10* 

Oxidation of silicon, weight * 488 lb. 

Heat of formation of SiOx * 11,693 B.t.u. 


Heat generated * 11,693 X 488^*^ ^ 

Oxidation of phosphorus, weight * 129 lb. 

Heat of formation of PxOb — 10,826 B.t.u. 
Heat generated * 10,825 X 129 «« 

1.40 X 10* 

Heat of formation of slag, weight * 11,965 lb. 
Heat of formation of slag * 08 B t.u. 

Heat generated - 98 X 11,965 - 1.17 X 10* 
Total heat generated * 23 27 X 10* B t.u* 


Attthobities for 
Tbbbmooebmical Changbb 

Iron oxide reduction — ^Biohards 
Decommition of limestone — 8. Bur. of 
Standards 

Oxidation of C, Mn, Si, P-^Bichards, LeChatelier 
Berthelot. Thomson 

Formation of slag, calculated using Baohards’ 
values 


Constants Used 

Tebbmofhtsioal Chan-gbs 

specific heat, pig iron— 0.1 666—Oberhofler 
Specific heat, soft Bteel^-0.16 — Meuther 
Latent heat of fusion, pig iron—Hutter 
Latent heat of fusion, steel — average value — 
Jetner, Biebards, Brisker 
Heat in molten slag — Springorum 


Tbebhal Balance Sheet 


Hbat Absorbed 

Bed. of oxides of Fe * 19.39 

Absorp. moist, of ore *2.56 
Deooinp. of limestone * 5.34 
Absorp. moist, of fimestone * 0.88 
Deoomp. of dolomite * 0.67 
Heat in medten slag »* 12.76 

Heat added to mlader metal * 7.88 
Heat added to soK»p * 19.82 

Hbat Gbrbbatbd 

Oxidation of C - 11. 66 X 10* 
Oxidation of IVCn - 3.88 X 10* 
Oxidation of Si * 6.71 X 10* 


Oxidation of F * 
Heat form, slag * 
Balance beat to be 
Bs in furnace * 
Total B.t u. « 


1.40 

1.17 

supplied by combustion of 
^47 XIO* 

» 68.74 X 10* 


Trbbical Efiicixrct or Bath 

I%exmal effidenoy of furnace * 17 3 
B.t.u, in gas per ^und of coal 
Total B.i.u. to be supplied u 
46.47 X 10* 


^ r cent. 
10,685 
in produoer]irgas * 


Total coal burned * 24,787 lb 
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164 METALLOIDS IN BASIC PIG IRON IN BASIC OPEN-HEARTH PRACTICE 


Table 9. — Continued 
Thermal Balance Sheet 


Heat Absobbed 


Thbbmooesuxcal ChAJh'GES 
Reduction of oxides of iron 
He&t of formation of FeaOs « 3240 
Heat of formation of FeO » 2430 
Input 

FeaO* - 7291 FeO - 109 

Heat of formation 

FesOt V 729 X 3240 » 23.62 X 10« 

FeO -t 109 X 2430 » 0.26 X 10* 

Total « 23.88 X 10« 

Output 

Tapping slag FeO =* 1213 X 2430 -» 

295 X 10« 

Moisture in ore 
Total weight of ore * 9250 
Per cent, moisture » 8.20 
Total water « 9260 X 0 082 - 769 
Total heat to make steam at 212^ » 759 X 
1092 - 0 83 X 10« 

Specific heat of steam « 0.42 + 0.00013 X 
(2800 + 212) « 0 81 

Heat in superheat - 759 X (2800 - 212)0.81 
« 1.69 X 10* 

Total « 2.42 X 10« 

Decomposition of limestone 
Heat of formation CaCOa per lb. «« 772 B.t.u. 
Total limestone » 4620 
Total heat required » 4620 X 772 «• 

8.57 X 10® 

Moisture 1.5 per cent. 

4620 X 0.015 » 69.3 
Total heat to make steam — 

69.3 X 1092 - 0.08 X 10® 

Heat in superheat 

69.3 X 2096 0.15X10® 


Decomposition of improperly burned dolomite 
Total weight of dolomite » 2500 lb. 

Volatile « 16 64 per cent ■■ 389 
Assumed 98 per cent. » 381 exists as COs 
To drive off CX)a «■ 1766 B.t u. per lb. 

Total heat to drive off COi *■ 1766 X 381 ■« 
0.67 X 10® 

Thebmophtsical Change 

Hot metal *■ 65000 lb. Temperature -» 2474® F. 
Tapping temperature 3080® F. includes 
emissivity factor 

Temperature rise (3080 — 2474) «* 606® F. 
Specific heat » 0.2 

Heat absorbed » 65.000 X 606 X 0 2 « 

7.88 X 10® 

Scrap -■ 35,000 lb., temperature » 62® F. 
Melting temperature scrap 2795® F. 

Heat required to bring to melting temperature 
35,000 X 2733 X 0.16 -» 15.30 X 10® 

Latent heat of fusion 72 B.t.u. 

Total heat of fusion » 35,000 X 72 « 

2 52 X 10® 

Heat to raise to temperature of bath * (3080 ~- 
2795) 35.000 X 0.2 - 2.00 X 10® 

Total heat - 19.82 X 10® 

Total heat in molten slag 
Heat in tapping slag » 9254 X 1066 » 
9.86 X 10® B.t.u. 

Total heat absorbed « 65 38 X 10* B.t u. 


Total 


0.23 X 10® 

[Hbat Gknbbatbd 
H eat 


Oxidation of carbon, weight -i 2666 lb. 

Heat of formation of CO from C per lb. » 
4874 B.t.u. 

Heat generated - 4374 X 2665 « 

11.66 X 10® 

Oridation of manganese, weight ■■ 1047 lb. 

Heat of formation of MnO » 2984 B.t.u. 

Heat generated - 2984 X 1047 » 

8.12 X 10® 

Oxidation of sHioon. wmght 488 lb. 

Heat of formation of «Os » 11,693 B.t.u. 

Abthoritibs for 
Tkbbicoobbihoal Changes 

Iron oxide reduction — Richards 
Decomposition of hmestone — U. S. Bur. of Stand- 
ards 

Oxidation of C. Mn, Si, B — ^Richards, LeChateUer, 
Berihelot, Thomson 

Fonnation of riag, calculated uang Richards' 
values 


generated - 11,693 X 488 - 

6.71 X 10® 
Oxidation of phosphorus wright 126 lb. 

Heat of formation of PsOb » 10,826 B.t.u. 
Heat generated « 10,826 X 126 >■ 

1.36 X 10® 

Heat of formation of slag, weight ^ 9264 lb. 
Heat of formation of slag 108 B.t.u. 

Heat generated «■ 108 X 9254 

1.00 X 10® 

Total heat generated 22.85 X 10® B.t.u. 

Constants Used 

Thbbmophxbioal Changes 

Spedfio heat, pig iron — 0.1665 — Oberhoffer 
Specific heat, soft steel — 0.16 — Meuther 
Latent heat of fusion, jne iron — ^Hutter 
Latent heat of fusion, steel — average value — 
Jetner. Richards, Brisker 
Heat in molten 8 lair*^iu) 4 Eorum 


Thbrmaii Balancb Shbet 


Heat Absobbed 

Red. of oxides of Fe «• 20.98 

Abeoip. moist, of ore « 2.42 
Deoomp. oflpnestone «- 8.57 
Absoocp. moist* of fimestone,* 0.28 
Deoonqp. of dolomite 0:67 

Heat in molten slag 9.86 

Heat added to mixer metal - 7.88 
Heat added to scrap » 19.82 

Heat Gbnebatbd 
Oxidation of C - 11.66 X 10® 
Oxidation of Mn - 8.12 X 10® 


Oxidation of K ■■ 
Oxidation of P ■■ 
Heat form, dag * 
Balance heat to be 
gases in fuznace ^ 


combustion of 


6.71 X 10® 

1.^ X 10® 

1.00 X 10® 
applied by 

J768 X 10® 

Total B.t,n. - 65.88 X 10® 

TbebmaIi EmciBNOY OP Bath 

Hiennal efficiency of furnace 17.3 per cent. 
B.t.u. in gas per pound of coal ■■ 10.625 
Total B.t.u. to be supplied in producer gas » 
245.83 X 10® 

Total coal burned » 23,187 lb. 
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156 METALLOIDS IX BASIC PIG IRON IN BASIC OPEN-HEARTH PRACTICE 


Table 10. — Continued 


Thermal Balance Sheet 


Heat Abbosbbd 


TasBuocasMiCAL Ohaj^oeb 


>3240 

• 2430 

* 103 


Heductjon of o:dd(^ of iron 
Heat of formation of FesOs «> 

Heat of formation of FeO » 

Input 

FesO) •» 6061 FeO 

Heat of formation. 

PejOa « 6661 X3240 *■ 21.58 X 

FeO - 108 X 2430 » 0.26 X 10« B t.u. 

Total - 21 .84 X 10« B.t u. 

Output 

Tapping slag « FeO » 3268 X 2430 « 

7.94 X10« 

Moisture in ore 
Total weight of ore « 9170 lb. 

Per cent moisture « 8 

Total water ** 734 

Total heat to make eteam at 212° 

734 X 1092 « 0 80 X 10* B t u 
Specific heat of steam 0 42 + 0 00013 (2800 4* 
212) * 0.81 

Heat in superheat 734 (2800 — 212) 0 81 
« 1.64 X 10« B t.u. 

Total « 2 34 X 10« B t.u. 

Decomposition of limestone 
Heat of formation OaCOs per lb. ** 772 B t u. 
Total limestone 11,676 lb. 

Total heat required -* 11,675 X 772 » 

9 01X 10«B.tu 
Moisture 1,5 per cent- 175 lb. 

Total heat to make steam « 

175 X 1092 - 0.19 X 10« 

Heatinauperheat 
175 X 2096 « 

Total - 0756 X 10« 


Decomposition of improperly burned dolomite 
Total weight of dolomite » 2500 lb. 

Volatile - 15.64 per cent 369 Ib. 

Assumed 98 per cent *» 381 exists as COs 
To drive off CO* »■ 1756 B.t u. per lb. 

Total heat to drive off CO* * 881 X 1756 =■ 
0 07 X I0« B t u 


Thjjemophtsical Changb 


Hot metal ■■ 65,000 lb Temperature 2474° F 
Tapping temperature *» 3080° F includes 
emissivity factor 

Temperature rise (3080 — 2474) ■» 600° F . 
Specific heat * 0.2 

Heat absorbed « 66,000 X 606 X 0 2 « 

7 88 X 10« B t u 

Scrap - 85,000 lb. Temperature 62° F. 
Melting temperature scrap = 2796° F. 

Heat required to bnng to melting temperature * 
35,000 X 2733 X 0.16 - 16 30 X 10« 

Lhtent heat of fusion » 72 B.t u. 

Total heat of fusion 35,000 X 72 *■ 

2 62 X 10« 


Heat to raise to temperature of bath 

(8080 - 2795) 35,000 X 0.2 « 2.00 X 10« 
Total heat - 19.82 X 10« 

Total heat In molten slag 

tapping slAg » u 

Total heat absorbed *» 70 67 X 10* B t u 


Heat Generated 


Oxidation of carbon, weight » 2669 lb 
Heat of formation of CO from C per lb » 
4374 B.t u. 

Heat generated » 4374 X 2669 

11.67 X 10* 

Oxidation of manganese, wdght » 645 lb. 

Heat of formation of MnO 2084 B.t.u. 

Heat generated •> 2984 X 645 - 1.92 X 10* 
Oxidation of nlicon, w^ght « 488 lb. 

Heat of formation of ofO* 11,693 B.t u. 

AbTHOBITIES FOR 

TsaBBCocnsMiCAn Cbanoss 

Iron o:dde reduction — Riohards 
Deoompomtion. of limestone — U, S. Bur. of Stand- 
ards 

Oxidation of C. Mn, Si, P— Bichards, IieChatelier, 
Berthdot, Thomson 

Formation of slag, calculated using Richards* 
values 


Heat generated » 11,693 X 488 ^ 

6.71 X 10* 

Oxidation of phosphorus, wwght =« 129 lb. 

Heat of formation of PsO* ■■ 10,826 B.t.u. 
Heat generated - 10,825 X 129 « 1.40 X 10. 
Heat of formation of slag, weight *■ 16,465 lb. 
Heat of formation of sl^ ^ 74 B.t u. 

Heat generated « 16,466 X74 « 1.14 X 10* 
Total heat generate 21.84 X 10* B.t u. 

Constants Used 

Thbamophtsical Changbb 

Specific heat, pig iron— 0 1666 — Oberhofler 
S]^cifio heat, soft steel — 0 16 — Meuther 
Latent beat of fusion, pig iron^Hutter 
Latent heat of fusion, steel-^^average value — 
Jetner, Richards, Brisker 
Heat in molten slag— Springorum 


Thebual Balance Sheet 


Hxat Abbobbsd 

Red. of oxides of Fe 13.90 

Absorp. moist, of ore «> 2.84 
Decomp, of nmeetone ** 9. 01 
Absorp. moist, of liniestona 0. 56 

Deoomp. dolomite 0.67 

Heat in ^Iten slag 16.49 

Heat sdoad to mixer uertal »> 7.88 
Heat adoed to scrap '•* 19.82 

Hsur OasnxATBn 

Oxidation of C 11.67 X 10* 
Oxidation of Mh » 1.92 X 10* 


Oxidation of K - 6.71 X 10* 

Oxidation of P' - 1.40X10* 

Heat form, slag ^ 1 . 14 X 10* 

Balance heat to be simpHed by combustion of 
gases in furnace « 48.88 X 10* 

Total B.t.u, » 70.67 X 10* 

ThUBKAL, ggPICTByOT OP Batb 
Thermal effidenoy of furnace >« 17.3 per cent. 
B.t.u, in gas per pound of coal ■■ 10,626 
Total B.An. to be supplied in producer gas ■■ 

~ 0 ?5 ~ " ^ 

Totfd coal burned 26,564 lb. 



Table 11. — High-silicon Iron, Furnace Charge 
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160 METALLOIDS IN BASIC PIG IKON IN BASIC OPEN-HEARTH PRACTICE 

Table 12. — Continued 


Thermal Balance Sheet 


Heat Absorbed 


THEBMOOESAllCAZi CSAKGBS 

Reduction of oxides of iron 
Heat of formation of FesOs » 3240 
Heat of formation of FeO 2430 
Inp^ut 

FesOs « 8034 FeO » 131 

Heat of formation 

Fe20a 3240 X 3034 » 20 03 X 10^ 
FeO - 131 X 2430 0.32 X 10« 


Total « 26 35 X 10« 

Output 

Tapping slag — PeO « 2474 X 2430 « 

6 01 X 10« 

Moisture m ore 

Total veight of ore « 11,060 lb. 

Per cent, moisture 8 

Total water ■* 886 

Total heat to make steam at 

212® - 885 X 1092 * 0 97 X 10« 
Specific heat of steam <«■ 

0.42 + 0 00013 (2800 - 212) 0 81 

Heat in superheat * 

885 (2800 - 212) 0 81 - 1.85 X 10« 
Total « 2.82 X 10« B t u 
Decomposition of limestone 
Heat of formation CaCOs per lb. « 772 B t u. 
Total limestone » 9520 lb. 

Total heat required *■ 9520 X 772 -■ 

7 35 X 10» 

Moisture 1 6 per cent. •** 142 
Total heat to make steam « 

142 X1092 « 0.16 X10« 

Heat in superheat * 

142 X 2096 » 0 30 X 10« 


Total » 0.46 X 10« B.t.u. 


Decomposition of improperly burned dolonute 
Total weight of dolomite 2300 lb. 

Volatile B 15.54 per cent. 389 
Assumed QS per cent 381 exists os COs 
To drire off CO* ■■ 1756 B t.u per lb. 

Total heat to dnve off CO* « 1766 X 381 - 
0 07 X 10* 

THBBMOPBrsICAL ChaNGB 

Hot metal » 65,000 lb , temperature « 2474® F. 
Tapping temperature » 8080® F. includes 
emissivity factor 

Temperature rise (3080 — 2474) - 606® F. 
Specific heat « 0 2 

Heat absorbed * 65,000 X 606 X 0 2 ■■ 

7 88 X 10« 

Scrap » 35,000 lb Temperature ■« 62® F. 
Melting temperature scrap * 2796® P. 

Heat required to bnng to melting temperature =» 
86,000 X 2733 X 0.16 - 15 30 X 10» 

Latent heat of fusion 72 B.t u. 

Total beat of fusion ■> 

36,000 X 72 - 2 62 X 10« 
Heat to raise to temperature of bath « 

(3080 - 2796) X 35,000 X 0.2 » 2.00 X 10» 
Total heat » 19.82 X 10* 

Total heat in molten slag 
Heat in tapping slag 14,318 X 1066 » 
15.26 B.t.u. 

Total heat absorbed 74 60 X 10* B.t.u. 


Heat Generated 


Oxidation of carbon, weight ■» 2667 lb. 

Heat of formation of CO from C per 2b. «« 
4374 B.t.u. 

Heat generated « 4374 X 2667 » 

11.67 X 10* 

Oxidation of manganese, weight » 645 lb. 

Heat oi formation of MnO «« 2984 B.t.u. 

Heat generated *« 2984 X 645 - 1.92 XlO* 
Oxidation of silicon, weight -■ 488 lb. 

Heat of formation of mO* » 11,693 B.t.u. 

Heat generated - 11,693 X 488 » 5.71 X 10* 

ATPrEORlTlES FOR 
ThBBMOCBBMZCAIi Cbakobb 

Iron oxide reduction — Richards 
Decomposition of hmestone — U. S. Bur. of Stand- 
ards 

Oxidation of C, Mn, Si, P — Riohards, LeChatelier, 
Bothelot, Thomson 

Formation of slag, calculated using Richards* 
values 


Oxidation of phosphorus, weight >■ 435 lb. 

Heat of formation of PiO* « 10,825 B.t.u. 
Heat generated ■■ 10,825 X 435 

4.71 X 10* 

Heat of formation of slag, w^ht * 14,436 lb. 
Heat of formation of slag 191 B.t.u. 

Heat generated 191 X 14,435 

2.76 X 10* 

Total heat generated 26.77 X 10* B.t.u. 


Constants Used 

Tbbbmophtsical Chanqbs 

Specific heat, pig ironr— 0.1666 — Oberhoffer 
Specific heat, soft steel — 0 16 — Meuther 
Latent heat of fusion, pig iron — Hutter 
Latent heat of fusion, steel — average value— 
Jetner, Richards, Brisker 
Heat in molten slag — Springonim 


Thermal Balance Sheet 


Boat Absobbbd 

Red. of oxides of Fe n 20.34 

Absoxp. moist, of ore » 2.82 
Decomp, of limestone 7.35 

Absorp. moist, of limestone 0.46 

Deoomp. of dolomite -• 0.67 

Heat in molten slag 15.26 

Heat added to mixer metal 7.88 

Heat added to scrap « 19.82 

Hbat Qbkbbatbb 


Oxidation of C - XI . 67 X 10* 
Oxidation of Mn * 1.92 
OxidarionofSi « 5.71 


Oxidation of P 4.71 


TBBBICAI* EPFtOIBNOT OF BaTB 

Thermal effldenoy of furxmee « 17.8 per cent. 
B.t.u. in gae per pound of coal 10,625 
Total B.t.u. to be supplied in producer gas 

^ 

Total burned « 26,021 lb. 


Igr combustion of 
10 * 


Heat form, slag 2.76 
Balance heat to be simji^ed 
gases in furnace «> 47.83 X 
Total - 74.60 >< 
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may most conveniently be ascertained by taking an average composition 
of those slags that, under given conditions, have yielded economical 
operation, and empirically separating it into a silicate slag (which is 
assumed to hold the phosphate slag in solution) and a phosphate slag, in 
which the phosphorus is assumed to be combined with calcium oxide in 
the form of Ca 4 P 209 . When this has been done, the analysis of the sili- 
cate slag is calculated, and from this the relation of the silica to the lime 
plus magnesia and to the weight of the silicate slag is determined. The 
total weight of slag, of course, is the weight of the silicate slag plus the 
phosphate slag, the last named being the weight of the phosphorus 
oxidized multiplied by 5.9. In our operation, the average composition 
of generally satisfactory slags shows a silicate portion which analyzes 
as follows: Si02, 19 per cent.; FeO + MnO, 27 per cent.; AI 2 O 3 + 
Ti02 + S, 2 per cent or a total of 48 per cent. Therefore, the CaO 
+ MgO necessary to equal 100 per cent, is, by difference, 52 per 
cent., and the CaO + MgO required per unit of Si02 is the ratio of 52 
to 19 or 2.74; and the weight of silicate slag produced per unit of silica 
is the ratio of 100 to 19 or 5.26. These ratios are used in all the 
theoretical heats shown, except in the excessive limestone charge, where 
they be.come silicate slag to silica 7.1, and MgO + CaO to Si02 4.01. 
In all cases the ratio of phosphorus to calcium oxide is 1 to 3.61, which 
corresponds to the composition of the tetrabasic phosphate. Tables 13 
and 14 give the ratios and the analyses of the theoretical slags used in 
the construction of the chemical and thermal balances and cost sheet. 

Constructing a slag in this manner gives only the combined percent- 
ages of ferrous oxide and manganous oxide, so that it is necessary to 
compute on the basis of working conditions the quantity of residual 
manganese carried by the bath for different conditions of slag volume. 
With this amount ascertained, the manganese in the slag is the total 
manganese charged less that in the bath less that carried away by the 
furnace gases. The difference between the manganese in the slag, 
expressed as manganous oxide, and 27 per cent, is the ferrous oxide in 
the silicate slag. 

Table 13 . — Slag Ratios 



SihcteSUg 

Phosphate Slag 

SiOl, 

Per 

Cent. 

FeO + 
MnO, 
Per 
Cent. 

AIsOs + 

Per 

Cent. 

CaO + 
MgO, 
Per 
Gent 

Sil Slag 

CaO + MgO 

CaO 

Phos. Slag 

SiOs 

SiOi 

P 

P 

Dichmaxm 

21.0 

26.00 

4.0 

49.00 

4,78 

2.33 

8.61 

6.9 

In normal heats. 









values used 

19.0 

27.00 

2.0 

62.00 

5.26 

2.74 

3.61 

6.9 

In excess limestone 


1 

1 







heat 

14.0 

27.00 

1 

2 0 

67.00 

7.10 

4.00 

8 61 

1 

5,9 
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Table 14 . — Analysis of Theoretical Slags 
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In all cases the ratio of bath to slag is known, so that it becomes pos- 
sible to figure all the residuals on the same basis. 

The effect of the various percentages of residual manganese on the 
finishing additions of manganese made in the ladle is shown in Table 15. 
The calculated amounts of pure manganese correspond to results obtained 
in actual practice. 


Table 16 . — Effect of Residual Manganese on Manganese Added in Ladle 



Residual 

Mauca- 

nese, 

Per 

Cent. 

Tons 

Ingot 

Weight 
Mangsr 
nese 
in Bath, 
Founds 

Wdght 

Manga- 

nese, 

Required 

Pounds 

Theoret- 

ical 

Added 

Manga- 

nese, 

Pounds 

Actual Pounds 
Mai^anese 
in Ladle 

Pounds 
80 Per 
Cent. 
FeMn 

Ton 

Heat 

Scrap 

0.24 

40. QO 

232 

386 

164 

7.8 

319 

399 

Standard iron, liigh 









SiOj 

0.20 

42.36 

198 

396 

198 

10.0 

424 

530 

Standard iron, low 









SiOa 

0.23 

42.67 

230 

398 

168 

8.6 

362 

463 

High -m ang a n e s e 









iron, high SiOs. . . . 

0.34 

42.44 

338 

397 

69 

2.9 

123 

154 

High -manganese 









iron, low SiOj 

0,40 

42.70 

399 

399 

0 

1.0 

43 

54 

Excess limestone 

0.16 

41.97 

167 

393 

236 

12.0 

604 

630 

High-silicon iron 

0.12 

42.04 

118 

394 

276 

14.0 

689 

736 

High-phosphorus iron 

0.16 

42.63 

169 

398 

239 

12.0 

610 

638 


It is to be emphasized that a residual manganese in excess of 0.25 
per cent, not only reduces the open-hearth cost per ton of ingots by 
decreasing the quantity of expensive ferromanganese that must be added 
to the heat to attain a given manganese percentage, but because of the 
protection it gives against overoxidation in the furnace, the quality of 
the steel is improved. This higher quality steel increases the percentage 
of merchantable product at the Tuina by from 1 to 3 per cent., depending 
on the amount that the residual manganese exceeds 0.25 per cent.; and 
while such a saving cannot be properly shown on the open-hearth cost 
sheet, it increases the net profits of the works as a unit. The protection 
afforded against overoxidation by a proper percentage of residual man- 
ganese may be accounted for by the following reasoning: The oxygen of 
the ore first attacks the manganese, phosphorus, and ^con and at the 
higher temperatures the carbon oxidation takes precedence. As the car- 
bon content of the bath decreases, iron oxidation sets in; and at the 
lower carbon percentages the protective power of carbon oxidation is very 
low. It seems apparent, therefore, thatin the lower carbon rai^esthe 0.25 
to 0.40 per cent, manganese, which at all temperatures is more easily 
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oxidized than iron, can act only as a preventive of overoxidation of 
the steel. 

The weight of iron oxidized and carried away in the waste gases was 
taken in all ore heats to be 100 lb. per heat and the quantity of manganese 
lost in a similar way to be about 200 lb. per heat, in the cases of the high- 
manganese ii-on, and about 100 lb. per heat in the others. In the case of 
the scrap heat, these losses were taken at 150 lb. per heat for both iron 
and manganese. 

As a matter of precaution, the percentage of phosphorus remaining in 
the steel, in the case of the high-phosphorus iron heat, was placed at 0.03 
per cent, instead of 0.01 per cent. The sulfur content of all the slags 
was put at 0.25 per cent., which is both conservative and common in 
practice. All the calcium, magnesium, and aluminum oxides carried in 
with the charge appear in the slag. 

Sulfur elimination in the open-hearth furnace is, at best, an uncertain 
and costly procedure. In the earlier days of the industry, when the use 
of natural gas was general, high-grade producer coal was available for 
those plants outside the gas belt and scrap heats more generally charged; 
there was then but little difficulty in holding the sulfur content of the steel 
at 0.04 per cent* and below, provided that the sulfur in the iron cor- 
responded approximately to this percentage. With the advent of the 
higher percentage iron charges and lower grade fuel, the difficulty of 
producing low-sulfur steel has been tremendously increased. While 
probably sulfur above 0.04 per cent, is not, in many instances, prejudicial 
to the physical quality of the steel, the general trend of specifications is 
in the direction of lower, rather than higher, sulfur content. Regardless 
of the merits of either side of this controversy, one must meet specifica- 
tions as they exist. Under such conditions and with low-manganese iron 
(1.00-1.25 per cent.) the percentage of sulfur in the pig iron must be 
practically as low as that desired in the steel. 

As coke also has followed the downward trend in quality, it has 
become more difficult for the blast furnaces to produce consistently iron 
with the sulfur content desired by the open hearth, and this difficulty is 
increased by the necessity of maintaining a silicon content in the iron not 
appreciably above 1 per cent. 

Under a condition of approximately 1 per cent, manganese and 0.06 
per cent, sulfur in the iron and a sulfur content of 0.04 per cent, being 
required in the steel, or with a like manganese content and 0.04 per cent, 
sulfur in the iron and 0.035 per cent, sulfur or under being required in the 
steel, the open hearth is forced to adopt one of two methods of sulfur 
elimination, both of which are uncertain and costly. The usual method 
is to charge additional limestone, probably because the expense incurred 
is not so obvious as when ferromanganese is used. The cost sheet shows 
an increased cost of $0.87 per ton in the case of the heat heavily over- 
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charged with limestone compared to the so-called standard heat charged 
with a normal amount, and the same relative increase of cost would have 
followed any proportional increase or decrease in the excess charged. 
Assuming that to accomplish an equal reduction in sulfur it has been 
necessary to use 10 lb. of pure manganese per ton of ingots, the cost of 
such sulfur removal added to the cost of ingots in the case of the standard 
iron heat would bring the total cost to $31.43. This figure is $0.14 lower 
than the cost of the limestone heat, although it has not been credited with 
the reduced ladle addition of manganese, and the improvement in the 
quality of the steel. 

It will be observed on the chemical balance sheet that all irons are 
assumed to carry 0.04 per cent, sulfur, but that the steel produced with 
the 2-per cent, manganese iron contains 0.035 per cent, sulfur, which is 
more than would result in practice imder the conditions of charge and 
fuel assumed. Whether the open hearth is required to produce 0.035 
per cent, and under suKur in the steel from 0.04-per cent, sulfur iron, or 
0.04 per cent, sulfur in the steel from 0.05-per cent, sulfur iron, the cost 
of accomplishing this is, in all cases, less with 2-per cent, manganese than 
with 1-per cent, manganese iron. Furthermore, because of the sulfur 
eliminated from the high-manganese iron in the transfer ladle between 
the blast furnaces and the open hearth and in the open-hearth mixer, 
0.04-per cent, sulfur steel can be regularly and economically produced 
from such iron, even though its sulfur content rises to 0.07 per cent. 

With the thought of presenting greatly contrasting costs and thus 
emphasizing the loss sustained through the charging of unnecessarily 
high-silicon irons, the silicon content of all the irons has been assumed at 
0.75 per cent.; such an amount is not only practical but desirable in the 
case of the 2-per cent, manganese iron. On the other hand, 0.75 per cent, 
silicon iron with 1 per cent, manganese would, in actual practice, cost 
more to produce than an iron containing 0.75 per cent, silicon and 2 per 
cent, manganese; and, unless made very hot physically at the expense of 
increased coke charges, the works as a unit would suffer a loss because of 
delayed operations and excessive scrap, from badly skulled ladles, mixers, 
and runners. 

In the case of the high-silicon iron heat, the assumption of the use of 
1.75-per cent, silicon iron may be radical, but the use of such iron is not 
as unusual as may be supposed; and while the physical resxzlts of its use 
in the open hearth may be readily perceived, its effect on costs is not 
usually considered. 

While the costs of the low-silica ore heats do not strictly come within 
the province of a paper dealing with metalloids, they are shown to empha- 
size the harmful effect of such unnecessary impurities upon practice and 
costs. In the case shown, the difference in cost between the so-caUed 
standard iron heat, and the low-silica ore heat was $0.43 per ton of 
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ingots in favor of the latter. It is apparent from this that if low-silica 
ore can be procured at the same cost as the high-siUca ore, the use of 
the last named is nothing short of criminal waste. 

In closing, I wish to acknowledge the help given in the preparation of 
this paper by my assistant, Roger B. McMullen, Jr. 

DISCUSSION 

V. J. Pazzbtti,* Bethlehem, Pa. (written discussion). — ^The author 
has done an immense amount of calculating and has outlined some 
typical heats in admirable form for study and criticism. The paper is a 
valuable contribution to the literature of the basic open-hearth process 
because it discusses many of the important variables that enter into the 
costs of ingots made by several of the numerous possible combinations of 
raw material. 

Some important factors enter into the costs of finished steel that are 
not dwelt upon in the paper; of these may be mentioned: The relative 
costs of iron and scrap, the time from tap to tap, the cost of furnace 
upkeep, and the desired characteristics of the steel. All of these mate- 
rially afiect the ultimate cost of the finished product and must be con- 
sidered when specifjdng the composition limits of the various metalloids 
in the pig iron. 

Considering all these factors and responding more particularly to the 
inquiry of the blast-furnace operator concerning the reasons for the 
basic open-hearth operator’s specification limitations on the five metal- 
loids mentioned by the author, it seems possible, in a measure, to sup- 
plement his discussion. 

The carbon content of the pig iron, so long as it is regular, does not 
offer a serious problem in the open-hearth process. A high percentage 
of total carbon, however, can usually be regarded as an in^cation of 
satisfactory blast-furnace operation and as an index of iron that is “good” 
both ph 3 rsically and chemically; whereas an iron lean in carbon will be 
usually inferior for basic open-hearth use. 

The open-hearth operators’ specifications for manganese and silicon 
are greatly infiuenced by the four considerations named above, and by 
the nature of the process he is using. 

To exemplify the infiuence of the kind of process used, let us consider 
the case of manganese in a process using a run-off slag (the second 
practice mentioned on p. 144). With the run-off slag, the advantages 
of 2.00 per cent, manganese in the pig iron, as shown in the fifth theoret- 
ical heat, would disappear, as the run-off slag would carry out so much 
manganese as to make impossible the retention in the bath of as much as 


* Superintendeat, Opea-heutli Department, Sauoon Plant, Bethlehem Steel Co. 
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0.40 per cent, manganese. There would be added, the disadvantage 
that in most locations pig iron containing 2.00 per cent, manganese costs 
more to make than pig iron containing half that quantity. 

For conditions where over 50 per cent, scrap is carried and heats 
therefore made without run-off slag, 1.50 per cent, manganese is more 
beneficial in making standard commercial steels than 1,00 per cent, 
manganese. In such cases, the ingot cost due to the pig iron component 
of the charge is increased but little by the extra 0.50 per cent, manganese 
As there is no run-off slag, there is some residual manganese which does 
act to curtail the amount of recarburizing ferromanganese needed. The 
presence of a substantial percentage of manganese throughout the 
operation protects ^the iron from oxidation Wd aids in removal of 
the sulfur, some of which is being continually imparted by the fuel. 

To exemplify the infiuence of the character of product on the pig iron 
specification, we can consider the manufacture of high-grade steels, 
where the additional cost of pig iron containing above 2.00 per cent, 
manganese is a less important consideration. In such cases, the desul- 
furizing effect in the iron transfer ladle, noted by the author, also comes 
into evidence, and better surface condition of the steel during rolling 
may be expected. 

In discussing the silicon content, it is again necessary to consider the 
conditions governing the proportion of iron to scrap in the charge. The 
author’s first theoretical heat seems hardly practicable under the condi- 
tions he shows. If the silicon in the pig iron is as low as 0.75 per cent, 
and the iron forms only 35 per cent, of the charge, we would hardly 
expect to be able to melt wili as much as 0.50 per cent, carbon in the 
bath. With such low iron proportion, in order to get action in the 
early part of the bath and to protect the carbon from disappearing, we 
would expect to be benefitted by 1.25 per cent- silicon content of pig iron; 
or if we were confined to 0.75 per cent, silicon iron, we should wish to 
increase the iron proportion and decrease the scrap. 

In the seventh theoretical heat, the author shows by, perhaps, 
extreme figures, the large increased lime addition and consequent slag 
volume needed when 1.75 per cent, silicon iron forms 65 per cent, of the 
charge; in order to eliminate the silicon from the bath. The large loss 
of iron in the slag and the consequently diminished yield of ingots and 
the increased costs of fuel (in which he has no doubt allowed without 
explaining it) for the lengthened time of heat and of slag disposal are 
reckoned in the table. Apparently the limestone additions were reck- 
oned high enoi^h to allow the assumption that the furnace lining would 
be so protected by excess lime that only normal erosion would occur. 
The increased cost of furnace lining upkeep due to the use of high- 
silicon pig iron, which cost he does not show, might then be assumed to be 
included in the other increased cost items mentioned. 
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An unmentioned comment on pig-iron composition might well be 
emphasized; that is, where direct hot metal is used with a mixer of small 
capacity. Here blast-furnace irregularities that vary the pig-iron compo- 
sition, and particularly the silicon from cast to cast, increase the cost of 
ingots. If the steelmaker charges sufficient lime to care for expected 
high silicon in the iron and the iron drops in silicon, he has added 
an hour or two to the time needed to make the heat. Further, even if 
he has charged sufficient lime for increased silicon in the pig iron, his 
furnace linings suffer from the excess silicon before the lime can come up 
to counteract it. 

Increasing the phosphorus content of the iron two and a half times, 
as in the eighth theoretical heat, has less effect on the ingot cost than 
increasing the silicon content one and three quarters times. We do not 
find much difficulty with pig irons containing less than 0.30 per cent, 
phosphorus and, therefore, do not feel forced to specify as low as 0.20 per 
cent, phosphorus. 

Each of the theoretical heats assumes 0.04 per cent, sulfur and under 
in the product. In most steel-producing locations, considerable cost 
is involved to attain this low figure. Although no facts are available 
that prove that steels with 0.06 per cent, sulfur are unsuitable for most 
uses, some steel purchasers distrust steels of that composition. The 
fact that the steel bath takes up sulfur from the fuel requires one of two 
things: Either that the pig iron contain no greater content of sulfur than 
is allowed in the finished steel, or that manganese be used in some form 
to eliminate the sulfur. Both methods are costly. The first requires 
additional lime burden and increased coke consumption at the blast 
furnace — ^with consequently increased cost of pig iron. The second 
requires the increased use of manganese in one form or another in the 
open hearth,’ an expensive addition whichever way it is used. Sul- 
fur can be kept low at less cost in the blast furnace than in the open- 
hearth furnace. 

Considering the time of basic open-hearth heats from tap to tap and 
the influence exerted on the specified composition of basic pig iron, we 
must, among other things, consider local conditions. In localities where 
pig iron is cheaper than scrap, and in some localities where high-man- 
ganese iron costs no more than low-manganese iron, the percentage of 
pig iron in the charge is increased and the run off of slag is made to reduce 
the time of heats. The time saving is great enough to pay the cost of the 
large iron and manganese losses that occur. 

Where scrap is cheaper than pig iron, the percentage of scrap is 
increased and the necessity for the run-off slag disappears because of the 
smaller slag volume. For heats made without the run-off slag, the pig- 
iron specification would call for higher silicon and manganese than for 
heats made with a run-off slag. In a locality operating under the latter 
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conditions, basic pig iron is usually specified as follows: Carbon, not 
specified; manganese, 1.50 per cent, (average); silicon, 1.00 per cent, 
(average); phosphorus, 0.30 per cent, and under; sulfur, 0.04 per cent, 
and under. 

In this same locality, the operations of a recent month showed average 
residual manganese to be 0.22 per cent, when average manganese in pig 
iron was 1.65 per cent. The pig iron averaged 51.27 per cent, of the 
charge. The average pig-iron silicon was 1.24 per cent. Further details 
for this month^s practice are shown in Table 16. 


Table 16. — Open-hearth Practice for an Entire Month in 1923 
(Steel Plant Operating without Run-off Slag) 


Charge 



Analysis of Charge 




PSB 


Pbb 


Pounds 

CSNT. 


Chnoj. 

Hot metal . . . 

. 100.000 

61.27 

Hot metal 


Steel scrap . . 

. 90.000 

44.08 

Silicon 

1.24 

Manganese 

. 1,000 m bath 


Manganese 

1.65 

Manganese 

. 1,600 ladle. 

1.14 

Phosphorus.. .... 

0.144 

50 per cent silicon . . 

200 


Sulfur 

0.040 

Ore charged 

. 12,000 

3 56 

Steel scrap 


Ore fed 

. 6,000 


Carbon 

0.12 

Limestone . . ■ 

. 17,600 

9.60 

Manganese . . . . . 

0.53 




Phosphorus . . . 

0.030 




Sulfur 

0.050 

Time of Heats 


Limestone 






Pbb 


' Houn 

Mintttb 

Cbnt. 

Before hot metal. . 


00 

Limestone 


After hot metal 

7 

52 

Sihoa 

1.00 


— 

— 

Ore 


Total time of heat . 

10 

52 

Iron 

64.56 




Manganese 

0.10 




Phosphorus 

0.074 




Sulfur 

0.024 




Silica 

2.88 




Aluminum 

0,73 

Practice of Heats 


Analysis op Heats at Tapping 



PSB 


Pbb 



Cbnt. 


Cbnt. 



. 89 32 

Carbon. * 

0.10 

Scrap 

. . 

. 3.60 

Residual manganese 

0.22 

XjCilfi 


. 7.08 

Phosphorus 

0.020 

Average tons per heat 


. 81.2 

Sulfur 

0.050 

Analysis, Tapping Slags 


Final Analysis of Heats 




PsB 


Pbb 



ClNT. 


Cbn% 

s,nj 


. 16.0 

Carbon 

0.18 

FeO 


. 19.0 

Manganese 

0 69 

CaO 


. 43.0 

Phosphorus 

0.018 

MgO 



. 8.0 

Sulfur 

0.047 

MnO 


. 7.0 



PiO. 


. 2.0 




No run-off siag; heats melted at about 0.50 per cent, carbon. 


In a plant using a run-off slag, the records of five carefully observed 
experimental heats showed average residual manganese to be 0.09 per 
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cent, when average manganese in pig iron was 1.69 per cent. The pig 
iron averaged 63.1 per cent, of the charge. The average pig-iron silicon 
was 0,99 per cent. Further details are shown in Table 17. 


Table 17 . — Average Record of Five Experimental Heats 
(Made at a Sted Plant with Run-off Slag) 

Charge Analysis op Charge 


Hot znetal 

Pounds 

125.460 

62,780 

Pbb 

Cbnt. 

63.12 

26.61 

Hot metal 

Silicon 

Pbb 

Cbnt. 

0.99 

Manganese 

Fine ore 

TTqWI ak 

840 

31,480 1 

4,265 J 

0.35 

9.92 

Manganese 

Phosphorus 

Sulfur. . . 


limestone 

14,060 

7.1 

Steel scrap 

Carbon 

Manganese 

Phosphorus 

Sulfur 

0.14/0,26 

0.35/0.60 

0.014 

0.033 


Time op Heats Limestone 

Min- 



Houb 

UTB 


Before hot metal 

2 

12 

Limestone 

After hot metal 


12 

Silica... . 


- 

— 

lime ... 

Total 


24 

MgO.... 
A1 


Fme ore 

Silica 

Manganese. . 
Alitmtnnm . . . . 

Iron 

Phosphorus 

Hard ore 

Silica 

Manganese 

AliimlTiiiTn , . . . 

Iron . . 

Phosphorus . . . 


PxB 

Cunt. 


0 

.79 

54. 

.00 

0. 

.88 

0. 

.40 

6. 

.67 

0. 

.88 

1. 

.85 

53. 

.85 

0. 

.076 

4, 

.18 

0, 

,19 

0. 

.36 

64. 

.30 

0. 

152 


Practicb op Heats 


Open-hearth ingots. . . 

Scorap 

Loss 

Average tons per heat 


Final Analysis op Heats 


Pbb Pbb 

Obnt. Cbnt. 

88.0 Carbon 0.13 

8.4 Mangaziese 0.89 

8.0 Phosphorus 0.014 

Sulfur 0.029 

78.0 


Slag Analysis Bath Analyses 



Run-ot» 

PBs 

Cbnt. 

Taptinq 

Slag, 

Pbb 

Cbnt. 


Cab- 

]WN, 

FBb 

Cbnt. 

Man- 

GANBBB, 

Pbb 

Cbnt. 

Phos- 

PHOBUS, 

Pbb 

Cbnt 

SuiPUB, 

PBr 

Cbnt. 

Silioa 

23.66 

15.62 

Pint hour. . . . 

.. 2.94 

0.02 

0.032 

0.026 

Ira 

. . . 27.06 

16.86 

Second hour. . . . 

.. 2.44 

0.02 

0.014 

0.026 

lime 

.... 17.47 

44.03 

Third hour. ... 

.. 1.72 

0 03 

0.015 

0.021 



.... 5.04 

9.23 

Fourth hour 

.. 1.08 

0.06 

0.017 

0.080 

Manganese 

.... 11.80 

4.17 

Pifth hour 

.. 0.60 

0.08 

0.014 

0.028 

Phosphorus... . 
Snlfar 

0.98 

.... 0.12 

0.66 

0.18 

Sixth hour. .. . . 

. 0.08 

0.09 

0.011 

0.028 
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George B. Waterhouse,* Cambridge, Mass. — ^The most harmful 
elements, the most harmful metalloids, in regard to basic practice are 
silicon and sulfur, and of these perhaps silicon is the one that varies the 
most and gives the most trouble. It increases the slag volume; it makes 
heats melt with high carbon where one would expect them to melt with a 
normal carbon and get the regular practice; it affects the time of the 
process very considerably. The author has shown this fact in connection 
with the coal consumption; heats that require more time naturally require 
more coal to bring them to proper tapping condition. For instance, he 
shows a variation from 470 lb. per ton up to 720 lb., which variation is 
usually due to the variation in silicon. But of the metalloids that are 
most directly harmful to basic practice, sulfur is the one to be most feared, 
on which fact the author lays proper emphasis. 

C. L. Kinney, Jr. (author’s reply to discussion). — ^The amount of 
coal per heat or per ton of ingots given in this paper was based on a 
furnace ejBBlciency of 17.3 per cent., as shown in the paper of C. L. Kinney, 
Jr. and G. R. McDermott.® A recalculation of this heat balance based 
on the following data results in an efficiency of 16.1 per cent. 

The heats of formation of Fe 203 and FeO shown were per pound of 
iron but were used as per pound of oxide. The correct heat of formation 
of Fe208 per pound of oxide is 2200 B.t.u. and of FeO 1643 B.t.u. The 
result of using these figures, which are considerably lower than the others, 
is to decrease the heat absorbed by the charge and, consequently, with a 
fixed coal consumption to lower the percentage efficiency of the furnace. 
In the same figure, the heat necessary to bring the CO 2 liberated from the 
partly burned dolomite and the calcination of the limestone up to tem- 
perature was left out. This means an increase in the amoimt of heat 
absorbed by the charge and, consequently, with a fixed coal consumption 
an increase in the furnace efficiency, which coxmteracts to some extent 
the above-mentioned decrease. 

This corrected furnace efficiency has been applied to all heats in the 
present paper and the correct heats of formation of the iron oxides 
and the heat absorbed by the CO 2 have been taken into considera- 
tion. Further, in Table 6, the amount of moisture charged in the 
limestone shoiild be 35 instead of 351 lb.; this reduces the heat absorbed 
by the moisture of the limestone to one-tenth of that shown. In Table 2, 
the percentage loss in melting of the scrap heat should be 3.38 per cent, 
instead of 4.38 per cent.; this makes the ingot percentage 92.62 per cent, 
instead of 91.62 per cent, and the tons of ingots produced 41.35 instead 
of 40.90, thus lowering the cost per ton of the scrap heat. 


* Professor of Metallurgy, Massacbusetts Institute of Technology. 

■Thermal Efficiency and Heat Balance of an Open-hearth Furnace. Year Book, 
Amer. Iron and Steel List. (1922), fig. 6. 
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The effect of these corrections on the cost per ton and condensed 
thermal balance sheet is shown by the following recalculated tables: 


Table 18 


Type of Heat 

Original Cost 

Corrected Cost 

Difference 

Scrap ' 

$29.11 

$28.91 

$0.20 

Standard iron 

30.70 

30.70 

0 00 

Standard iron, low-silica ore 1 

30,27 

30.23 

0.04 

High-manganese iron 1 

1 30.27 

30.38 

0.11 

High-manganese iron, low-silica ore. . . 

29.77 

29.67 

0.10 

Excess limestone 

31.57 

31.68 

0 11 

High-siKcon iron 

32.21 

32.31 

o.ib 

High-phosphorus iron 

31.12 

31.11 

1 

0.01 


Table 19 


Type of Charge 

Heat 

Ab- 

sorbed, 

Ma- 

hons 

B.t.u. 

Heat 
Gener- 
ated, ' 

Ma- 

hons 

B.t.u. 

Heat to be 
S^plied 
in IBiirnace, 
Mdliona 

At 18.1 
Per Cent. 
Effective 
Heat to be 

in^^as, 

Millions 

B.t.u 

At 10,626 
B.t u. per 
Pound, 
Total 
Pounds 
Coal per 
Heat 

1 

Pounds 
Coal per 
Ton Ingots 

At 17.8 
Per Cent 
Efficiency, 
Pounds 
Coal per 
Ton Ingots 

Scrap 

47.13 

11.71 

85.42 

i 

220.00 

20,706 

501 

467 

Standard-iron high- 








siJioa ore. . • ..... . 

61 79 

21.77 

40 02 

248.67 

23,395 

552 

651 « 

Standard-iron, low- 








silica ore 

67.76 

21.43 

36 82 

225.59 

21,232 

499 

511 

High-manganese iron, 








high-silica ore 

66.61 

28.27 

48 24 

268.67 

26,277 

596 

583 

High-manganese iron, 








low-silica ore 

60 25 

22.85 

37.40 

232.80 

21,864 

512 

542 

Excess limestone. . . 

69.83 

21.84 

47.99 

298.07 

28,054 

668 

633 

High-silicon iron. 

84.15 

80.20 

53.95 

835.09 

81,538 

760 

720 

High-phosphonis iron 

71.07 

26.77 

44 80 

275,16 

25,897 

609 

612 


Mr. Pazetti's discussion of the subject matter of the paper is valuable 
inasmuch as it emphasizes certain conventional practices, which cause 
grave economic losses to the basic open-hearth process. He seems to 
feel that certain practical phases of the comparative costs, such as rela- 
tive time of heats, etc., have not been given due consideration, therefore 
I would like to emphasize the fact that in a paper dealing with the 
technical aspects of changes in charge composition it was essential that 
the real issue should not be beclouded with too much operating detail; for 
while it is true that variations in operating characteristics play an 
important part in the daily work of an open-hearth plant, it is, unfor- 
tunately, a fact that their manifestations are too frequently taken as 
the disease instead of as minor symptoms. For these reasons it was 
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necessary to put all heats upon a calculated basis and standardize the 
prices for iron and scrap. The matter of decrease or increase in the 
time per heat, while not specifically’' referred to in terms of hours and 
minutes, was reflected by the pounds of coal per ton of ingots. 

Mr. Pazetti advances the opinion that heats charged with high per- 
centages of high-manganese iron are not economical because the loss 
of manganese in the run-off slag is so great that the residual manganese 
in the bath differs little from that prevailing when 1 per cent, manganese 
iron is charged instead of 2 per cent. He shows, in substantiation of this 
statement, the record of five heats made with a 63 per cent, charge of 
1.69 per cent, manganese iron with an average residual manganese of 
0.09 per cent., which is startling when one considers that in my pa'pers a 
charge of 65 per cent, iron of 2 per cent, manganese content and no run-off 
slag shows a residual manganese of 0.40 per cent. I am willing to agree 
that commercial expediency perhaps demands that a run-off slag be used 
and that when such a method is used it is not possible to obtain a 0.40 
per cent, residual manganese, but I must emphatically disagree with Mr. 
Pazetti when he quotes a 0.09 per cent, residual manganese as repre- 
sentative of good practice with high-manganese irons and run-off slags 
and implies that such a manganese content in the iron does not justify 
itself. The contributing causes for such a remarkably low percentage 
of residual manganese must be: an excessive slag volume; overcharged 
furnaces which necessitate a larger percentage of run-off slag than is 
justifiable by good practice; and the physical character of the initial ore 
charged, it being a well known fact that very fine ores high in moisture 
give rise to explosive reactions and thereby abnormal increases in the 
percentage of run-off slag. 

Mr. Pazetti does not give the amotmt of dolomite used per ton of 
ingots, but it appears that his limestone charge (179 lb. per ton of ingots) 
is within the ttqaits of good practice and one must of necessity assume 
that the low residual manganese shown was caused not by too great a 
slag volume but by a premature running off of the run-off slag, perhaps 
unavoidable, on account of concomitant physical conditions. The 
difference between the two plans of using high-manganese iron is clearly 
shown by Table 20. 

Mr. Pazetti again takes the conventional attitude in differentiating 
between grades of steel. He admits the desirability of high residual 
manganese for high-grade steels but fears that the added cost of such 
practice is not justifiable in the so-called commercial grades. It is 
granted that to charge high-manganese iron in order to, obtain a 0.09 
per cent, residual manganese is obviously ridiculous, but it is not granted 
that the procedure giving such results is faultless. Again, the additional 
cost of high-manganese iron is advanced as an argument against its use. 
To answer such an argument in full would necessitate a detailed analysis 
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Table 20 


No. Heats 

Iron, Per Cent 

ll- 

gfL, 

Iron from 

Ore, Per Cent. 


Limestone 

per Ton of 

Insots 

Kesidual 

Manganese 

6 

84 

r-i 

1 

1.69 

1.72 

9.92 

8.13 

? 

26 

1 

179 

238 

0.09 

0.21 


g! 


Pazetti. . 
Chicago. 


0.08 

0.116 


1 

Total Iron 

m 

g 

MnO 

•t 

o 

m 

6 

1 

CaO 

MgO 

Sulfur 

Pazetti 









Run-off slag 

27.06 

2.13 

14.57 

23.66 


17.47 

5.04 

0.12 

Tapping slag 

16.86 

1.61 

5.39 

15.62 


44.03 

i 9.23 

0.18 

Chicago 









Run-off slag 

22.81 

2.04 

14.01 

23.19 

2.38 

20.81 

7.67 

0.08 

Tapping slag 

12.73 

1.61 

7.28 

17.05 

2.28 

46.85 

8.01 

0.19 


of blast-fumace operating costs wMch caimot be properly presented in 
this discussion. It is, however, my very definite conviction that in the 
maia the cost of the two grades of iron would be the same. Briefly, the 
reasons for this opinion are as follows; The amount of manganese in 
excess of that naturally present in the iron which is derived from the iron 
ores used need not wholly be obtained from manganese ore, since there is 
available open-hearth slag which contains 9.08 per cent, manganese. 
This slag can be charged to the extent of 5 per cent, of the blast-furnace 
ore burden with no unfavorable results, and such practice will result 
in the production of an iron that will carry approximately 1.50 per cent, 
manganese if the usual iron contains 1 per cent, of this element. The 
additional manganese needed to reach 2 per cent, should be derived 
from those manganese ore deposits whose irregular or insufficient man- 
ganese content prohibits their use for any other purpose, and in conse- 
quence such ores should be obtainable at a cost but little higher than iron 
ore. Let it be assumed, however, that such ores are not obtainable and 
that one is forced to purchase 47 per c^t. manganese ore for the purpose 
of raising the manganese content of the iron from 1.50 to 2 per cent., that 
such ore will cost $33.86 per gross ton and that the utilization in the blast 
furnace is 60 per cent.; under these conditions, each ton of iron produced 
will require 39.7 lb. of 47 per cent, manganese ore, which will add 60 
cents per ton to the cost of the iron and will result in an ingot cost of $30.08 
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(based on corrected cost) per ton. I am convinced, however, that the 
cost of such a manganese ore addition would not be followed by an 
increased cost of iron in direct proportion to the quantity used, because 
when using an iron containing 2 per cent, manganese the steel works can 
without difficulty use an iron at least 15 points higher in sulfur content 
than when 1 per cent, manganese iron is employed. In consequence of 
this higher sulfur content, it should be possible for the blast furnace to 
reduce limestone burdens, slag volumes, and coke consumption and 
to increase production. The summation of such changes in practice 
might reasonably be expected to result in a decrease in the cost of such 
iron equivalent to 10 cents per ton. If such be the case, the cost of the 
2 per cent, manganese iron will become $28.50 per ton and the cost of 
ingots $30.01, which is 22 cents less than the cost of the standard iron 
low-silica ore heat. Add to this 22 cents the profit incident to an unques- 
tionably improved quality of steel and increased percentage of product at 
the rolling mills, and it is obvious that those works using 2 per cent, 
manganese iron will increase their earning power tremendously. 

The suggestion that 35 per cent, iron charges of 0.75 per cent, silicon 
iron would fail to melt with sufficient carbon is again a product of imfavor- 
able local conditions, for with fast-working furnaces of modem design 
and good producer gas, plus reasonable limestone burdens, such iron 
is both practical and desirable. 

The heat charged with an iron of 1.75 per cent, silicon was shown 
(as stated in the text) to emphasize the excessive costs due to the use of 
such high-silicon irons, and the bases were increased proportionally and 
in the same ratio as used in aU other heats except the excess limestone 
and are thus comparable in costs. Mr. Pazetti’s statement that furnace 
linings suffer severely when working highly siliceous charges is correct; 
and when one is forced to work with such charges a part of the total 
limestone necessary should be charged in such a manner as to flux the 
acids of the slag before the furnace banks are attached. Such a proce- 
dure was in mind when the cost of the 1.75 per cent, silicon iron heat 
was calculated. 
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.\BSOBPTIOX OF SCLFCH FROM PRODUCBIl GAS 


Absorption of Sulfur from Producer Gas in Open-hearth 

Furnaces 

Bt J. H. Nbad,* Middletown, Ohio 

(Xew York Meeting, February, 1924) 

The subject of this paper is one to which there are many references 
in the literature on the manufacture of steel in the open-hearth furnace, 
but few actual experimental data have been published. For that reason, 
the presentation of results obtained from two open-hearth heats where 
attempts were made to measure the sulfur absorption will be of consider- 
able interest and value. The two heats on which the experiments were 
made were Armco ingot-iron heats and differ from the usual open-hearth 
heat of medium- or mild-carbon steel in that the refining is carried further; 
in this product the carbon and manganese are reduced practically to 
traces. In most other respects, and especially in respect to the absorption 
of sulfur from the producer gas, the two heats are typical of usual 
open-hearth practice. 

The object of the experiments made on the first Armco iron heat was to 
determine the fluctuation of the composition of the metal bath and the 
slag throughout the course of the heat, with especial reference to the 
variations in sulfur. It was hoped to determine whether there was an 
increase in sulfur in the bath from the producer gas and if so at what stage 
in the process the increase occurred. 

The experimental method consisted of charging analyzed scrap and 
pig iron, so that the sulfur in the charge could be calculated. Then, 
throughout the duration of the heat, metal and slag samples were taken 
every half hour, beginning as soon as there was enough molten metal to 
take a sample. These samples were analyzed; the results are given in 
Table 1. All domestic scrap was used and the charge was made up 
as follows: 

Head End Finish 

Fotrxms Found 

Kg non 38,300 Kg iron 23,900 

Sheet scrap bundles 36,200 Sheet bars 23,900 

Sheet bars 40,200 

The total charge, exclusive of the re-pig added near the end of the 
heat, was 160,600 lb. The limestone charged was 21,400 lb., or 13J^ 
per cent. 


* Metallui^ist, The Amraican Bolling Mill Co. 
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A number of samples of the pig iron and the scrap used were taken 
for sulfur determination. The results of these samples are as follows: 

Two samples of pig iron analyzed 0.030 and 0.032 per cent, sulfur; 
average 0.031 per cent. 

Six samples, representing the sheet bars, gave 0.063, 0.059, 0.030, 
0.031, 0.040, and 0.042 per cent, sulfur; average 0.044 per cent. 

Four samples representing the sheet scrap showed 0.026, 0.033, 0.030, 
and 0.027 per cent, sulfur; average 0.029 per cent. 



Based on these figures the average sulfur in the charge was 0.036 
per cent. 

The charging of the head end began at 7:15 a.m., and the first metal 
test was taken at 10:00 a.m. and the second at 10:30 a.m., before the 
finish was charged. The third metal test was taken at 12:45 p.m. after 
the charging of the finish. At 1 :15, metal and slag samples were taken — 
this was the earliest that a slag sample could be obtained. Metal and 
slag samples were then taken regularly at half-hour intervals thereafter. 
A record of the furnace operation and the additions made is given in 
Table 1 under Remarks. The heat was tapped at 6:30 p.m. and the 

VOL. LXX. 12 
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regular ladle test was taken after 
the eighth ingot; the ladle slag 
test was taken from the top of 
the last ingot. The metal in the 
molds had a normal appearance 
for ingot iron. 

Discussion of Ebsults 

An examination of Table 1 
reveals a number of interestmg 
facts. The sulfur content of the 
metal samples, in general, in- 
creases up to the seventh test 
and thereafter falls to 0.027 per 
cent, at the end of the heat. 
This increase in sulfur during 
the melting-down stage amounts 
to 0.022 per cent.; that fe', an in- 
crease from 0.036 per cent., esti- 
mated in the charge, to 0.058 per 
cent, on the seventh test. This 
increase in sulfur amoimts to 
0.44 lb. of sulfur per ton of steel. 
The probable source of this 
sulfur is the producer gas used 
in melting the charge, as this 
seems to be the only source from 
which such an amount of sulfur 
could come. 

In omr regular open-hearth 
practice, approximately 700 lb. 
of coal is used per ton of steel 
made. This coal is analyzed 
and contains not over 0.75 per 
cent, sulfur. Assuming a sulfur 
content of 0.66 per cent, in the 
coal and 300 lb. of coal per ton of 
metal used during the melting- 
down process, there would be 2 
lb. of sulfur contained in the gas 
used for melting down. The 
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analytical results sho^red an absorption of 0.44 lb. of sulfur per ton of 
steel, which is 22 per cent, of the sulfur contained in the gas from 300 lb. 
of coal. The drop in sulfur after the seventh test coincided with the 
time when the lime was coming up heavy in the bath; the lime content 
of the slag increased from 25.62 per cent, at the sixth test to 38.36 per 
cent, at the eighth test. 

The sulfur content of the slag increases from 0.09 per cent., in the 
fourth test, to 0.14 per cent., in the eighth test, and 0.16 per cent., in the 
tenth. There was a large increase in the amount of slag after the seventh 
test, caused by the lime coming up and the addition of 3000 lb. of iron 
ore. This increase in slag volume accounted for the large drop in sulfiir 
in the metal without a correspondingly large increase in the percentage of 
sulfur in the slag. The amount of sulfur remains about the same and the 
slag volume is increasing, which means that the total amount of sulfur 
in the slag is increasing. 

It will be noted also that the PsOs content of the dag increases to a 
maximum at the ninth test and then decreases; this is accounted for 
only by the increase in the slag volume. The dephosphorization was 
practically completed by the time the tenth test was taken, so that 
subsequent increase in dag volume decreased the percentage of PjOs. 

Attention is called to the gradual decrease in SiOs in the slag and the 
gradual increase in FeO. The CaO increases, until the eighth test, while 
the lime is coining up, and then remains fairly constant, except for test 
number 10, until the last few tests, where the CaO content decreases 
because of increase in FeO content. Notes on the physical appearance 
of the slag are given in Table 1. 


CONCLirSIONS 

The principal conclusions to be drawn from the data obtained in this 
experiment are relative to die absorption of sulfur: 

1. Large quantities of sulfur, possibly up to 0.025 per cent, or more, 
are absorbed from the producer gas by the charge in the open-hearth 
furnace during the melting-down stage; this is in addition to the sulfur 
already contained in the metal charged. 

2. This sulfur absorption imposes a greater burden of desulfurization 
on the dag than would exist if a lower sulfur fuel were used. 

Second Abuco Ingot Iron Heat 

The object of the second test was to verify the results obtained on the 
first, espedalfy in reference to the fluctuations in sulfur in the bath. 

The experimental method was the same; it consi^ed of charging 
analyzed scrap so that the sulfur in the charge could be calculated, then 
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taking slag and metal samples at half-hour intervals throughout the 
duration of the heat, and later anal^^zing these. The analytical results 
are given in Table 2. All domestic scrap was used and the charge was 
made up as follows: 

Head End Finish 

Pounds Pounds 

Pig iron 36,900 Pig iron 28,200 

Sheet bars 52,000 Sheet bars 13,900 

Sheet scrap 9,100 

Sheet bundles 40,100 

The total charge, exclusive of the re-pig, was 180,200 lb.; the limestone 
charged was 25,100 lb., or nearly 14 per cent. The sulfur in the charge, 


c?5 



estimated to 0.031 per cent., based on the analysis of the scrap charged 


was as follows: 


Three samples of pig iron, 0.031 

Two samples of sheet scrap 0.028 

Four samples of sheet bars 0.029 


Four samples of sheet scxap bundles. 0.031 





Atb&agx 

0.023 

0.025 


0.026 

0.030 



0.029 

0.026 

. 0.026 

0.050 

0.032 

0.028 

0.036 

0.050 

0.036 
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Charging of the head end began at 12 noon and finished at 12:45 p.m. 
The first metal test was taken at 2:50 p.m. and a second metal test 
was taken at 3:20. A third test was taken at 3:50 p.m. and the ‘ 'finish’’ 
was charged at 4:00. The next sample was taken at 5:00. Table 2 
gives the full notes and anal^^tical results. The heat was regular for 
Armco ingot iron in every way, except that tests were taken every half 
hour. The furnace operation ’was normal. 

Examination of Table 2 shows that the data are, in general, corrob- 
orative of that obtained on the fii'st heat. The sulfur increases to a 
maximum on the fourth test but remains almost at this peak for several 
hours. The outstanding fact, however, is that the sulfur has increased 
during the melting-down period from 0.015 to 0.020 per cent, over the 
sulfur contained in the charge. And there is no source from which this 
sulfur could come but the producer gas. 

It will be noted that the phosphorus builds up during the first four 
tests; this is accounted for by the pig iron melting first and so raising 
the phosphorus. The behavior of the carbon and manganese corrobo- 
rate this. 

The slag analyses conform, in general, to what was to be expected. 
The percentage of SiOa drops progressively and the FeO and the CaO 
behave as was to be expected from the coming up” of the lime and the 
iron-ore additions that were made. The sulfur in the slag increases from 
0.035 per cent., on the first slag test taken at 6:30 p.m., to 0.163 per cent, 
on the nineteenth test. 

The conclusions from this experiment are entirely corroborative of 
fchose*of_the previous experiment. 

DISCUSSION 

George B. Waterhouse,* Cambridge, Mass. — The users of fuel 
oil are alive to this question. In one plant where they use a low-sulfur 
fuel oil for the melting-down stage (naturally a more expensive oil), 
they use the lower cost high-sulfur fuel oil when the bath is melted and 
covered with the slag. 

J. V. W. Reynders, New York, N. Y. — ^That, I believe, is the usual 
practice where the two grades of oil are available. 

C. L. Ktnnet, jR.,t South Chicago, lU. — ^In evaluating coal, a great 
deal of attention is sometimes paid to the sulfur content alone. I would 
prefer to work with coal carrying a sulfur content of, say, 1.25 per cent., 
provided that coal carried 14,000 B.t.u., than with a coal which carried 


* Professor of Metallurgy, Massachusetts Institute of Technology 
t Superintendent Open Hearth No. 1, Illinois Steel Co. 
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0.75 per cent, sulfur but only carried 11,000 B.t.u., because we bum 
less coal, in all cases, with the higher B.t.u. coal, and get a higher flame 
temperature; the heats are made more rapidly, and under such condi- 
tions one can reduce, with the higher sulfur coal and the higher B.t.u., 
the sulfur content in the steel, compared with the other coal, from 
10 to 15 points. 
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Requirements of Refractories for Open Hearth* 

By F. W. Davis, t LIncoln, Xbb., ajcd G. A. BoiiE,t Columbits, Ohio 

(New York Meeting, February, 1924) 

The purpose of this paper is not to report, to the Institute, the results so far 
obtained in the survey, by the Bureau of Mines, of the metallurgical requirements 
for open-hearth refractories, but to present an outline that we hope will serve as a 
basis for discussion. 

The s^'stematie survey that the Bureau proposes to make has not been outlined, 
although considerable prdiminary work has been done in the way of interviewing 
open-hearth superintendents in several of the larger steel plants from the Chicago 
district eastward. 

At the several conferences so many of the opinions were diametrically opposite, 
when considering the same point, that it was thought that such an opportunity as 
the Institute offers in the way of a clearing house for moot metallurgical topics should 
not be overlooked. For this reason, the paper has been prepared as a basis for a 
discussion which, it is believed, will be of value in outlining the program of the Bureau. 

D. A. Lyon, 

Assistant Director. 

The importance of securing suitable refractories for metallurgical 
operations is daily becoming more universally recognized; particularly 
in the manufacture of open-hearth steel, where the life and earning power 
of the furnace depends largely on the judgment and care exercised in 
the selection of the correct quality of refractory for each of the parts. 
Any innovation that would make available to the steel manufacturers 
refractories with longer life or better suited to their needs than those now 
employed, and at a cost that would permit of their use, would be of enor- 
mous value to the industry at large. It is quite probable that revolution- 
ary changes would not be necessary. Material now used in some parts of 
the furnace might, by more suitable preparation, be made of much greater 
service; in other parts, possibly entirely different material would be 
necessary in order to effect much improvement. 

Inasmuch as different parts of the furnace structure perform different 
functions and are subjected to different service conditions, a refractory 
suitable for one part will be entirely unsuited for another. For this 
reason, to make a comprehensive study of the refractory requirements of 
the processes, we should consider the furnace as built up of a number 

* Published by permission of Director of Bureau of Mines, 
t Metallurgist, Bureau of Mines. 
t Superintendent Ceramic Station, Bureau of Mines. 
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of refractory units and study the service conditions and requirements 
of each unit separately. In making this study, it would be well to 
approach the question with two objectives in view: (1) To obtain a 
refractory that will not only resist present conditions more effectively, 
but will, if possible, permit of higher temperatures being employed 
inasmuch as higher temperatures will increase production and lower 
costs far in excess of the actual temperature ratio; (2) As the thermal 
efiSciency of the open-hearth furnace is rarely over 17 per cent, and as 
about 65 per cent, of the total heat loss is accounted for by radiation and 
conduction, the possibility of obtaining refractory materials of lower 
thermal conductivity than those now used, or of such nature as to permit 
of their being supplemented by a heat insulator, should be investigated. 
In either case the operator would be able to conserve a greater proportion 
of his total heat for useful work than is possible with present equipment. 

The A. S. T. M. has tentatively listed the properties that a refractory 
should have for any service. The five major properties are the ability 
to withstand: temperature, load, spalling, slag, abrasion. The fact that 
all these properties will not have to be emphasized in any but a very 
few services is taken into account. 

There are other properties, however, that a refractory must have 
in certain cases;infact, any of the following may assume major importance 
in a refractory for certain furnace parts: slakmg in moist air, permanent 
volume change, vitrification range, heat conductivity, thermal expansion. 

A committee of the Refractory Manufacturers Association is now 
working on the service requirements for refractories. When this work 
is completed, it is hoped that it will be possible for the consumers of 
refractories to order their ware by a service number, which will designate 
the service to which a given refractory is suited. 

The Furnace 

For our study, the open-hearth furnace will be divided into the follow- 
ing units, which will receive individual attention: hearth, bulkheads, 
roof, side walls, ports, uptakes and slag pockets, regenerators. Before 
dealing with the specific requirements of the various parts of the furnace, 
however, it would be well to state briefly certain fundamental properties 
essential to all open-hearth refractories. A refractory should have 
no permanent shrinkage; this factor is of greatest importance in arch 
brick, although in any case, where a gas-tight wall is desired, it cannot 
be overemphasized. It is essential that the refractories do not slake when 
cold and exposed to atmospheric air; in present practice, some dolomite 
bottoms have this tendency, and while it is a very undesirable property, 
it is easier to guard against it in the bottom of the furnace than in many 
other parts, where it might prove ruinous. These requirements are so 
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fundamental as to be taken for granted; however, when selecting an 
entirely new material they must be considered. 

Hearth Section 

Magnesite is the material most favored by operators for hearth con- 
struction. For this purpose a mixture containing about 75 per cent, 
calcined magnesite and 25 per cent, basic slag is applied in layers, each 
layer being sintered in place. Dolomite has been used instead of mag- 
nesite, but does not give as good ser^uce. 

Any material used for the hearth of the basic furnace must be of a 
basic nature in order to resist the action of the furnace slag. It must 
permit of a dense structure being built that will be impervious to the 
passage of molten steel and slag at furnace temperatures. To attain 
this condition, a refractory with a long range of vitrification is required; 
one that wiU frit together without undue softening. The resistance of 
the hearth both to load and mechanical shock must be high; this section 
of the furnace not only supports the weight of the metal and slag, but is 
subjected to considerable mechanical shock when the furnace is being 
charged. A material that would fail or crack under this service would 
be totally unsuitable. 

The formation of pockets or holes in the hearth constitutes the chief 
difficulty encountered in this section. This trouble, in many cases, is 
probably caused by some defect in the original sintering, although it might 
be attributed either to excessive spalling, occasioned during charging 
cold material, or to small cracks formed through mechanical shock. 

Records show that chrome has been used as a material for hearth 
construction, with apparently no improvement over magnesite; bauxite 
has also been used for this purpose. From all information obtained, 
however, it is concluded that magnesite is probably the best hearth 
material in sight. 


Bulkheads 

The bulkheads of the furnace are, in reality, a continuation of the 
hearth, extending to the lower port, and are constructed as a part of 
the hearth, but the service conditions differ considerably from those of the 
hearth. It is not so essential that the blilkheads resist load or mechanical 
shock conditions; they will, however, be subjected to a greater slagging 
action and part of their surface is exposed to the direct flame action as 
well as to considerable mechanical abrasion by the suspended particles in 
the gas. While magnesite gives more satisfactory results than any 
material so far used for the bulkheads, a material that would resist the 
combined slagging, abrasive, and flame action to a greater extent would 
be highly desirable. 
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Roof 

Silica is used almost universally in the roof of the open hearth. Its 
chemical character, as well as some of its physical characteristics, are 
not suited to the service. Its low cost, together with two favorable 
physical properties, has favored its use. Silica refractories will stand 
up under load to a temperature only slightly below their melting point. 
The relatively high thermal eonductivit 3 " enables heat to be drawn away 
from the region just back of the fused surface so fast that the main body 
of the shape is much below its softening temperature. While this latter 
property is necessary in order to allow this type of refractory^ to hold 
up in spite of its relatively low softening temperature, it is undesirable 
in the ideal refractory for this service in that it brings about large heat 
losses. The ideal refractory should have a low heat conductivity or 
be so refractory as to permit of insulation. The fact that silica undergoes 
isotropic changes that are accompanied by large volume changes renders 
it unfit for this service unless great care is taken when heating up and 
cooling down the furnace. 

The atmosphere of the open-hearth furnace is heavily charged with 
oxide vapors from the bath as well as slag splashes. In addition, the 
gas will, from time to time, contain appreciable quantities of pulverized 
lime and fluorspar. Little information is available as to the physical 
characteristics of these vapors and dusts, such as size, hardness, and 
velocity of particles; however, they are known to be of a basic nature. 
Silica, being an acid material, wiU not resist the action of this basic 
dust and vapor; therefore, from a chemical standpoint, silica is not the 
correct roof material. 

To make any definite statement as to the exact requirement for roof 
material would, in view of our limited knowledge of all conditions to 
which the roof is subjected, be rather premature; however, in a general 
way, we might state that a refractory for this service should be capable 
of maintaining an arch under temperatures approaching 3400® F., and 
that it should be of a basic nature. 

Side Walls 

The side walls of the furnace, like the roof, are constructed of silica 
brick and are subjected to somewhat similar service conditions. The 
necessity for mechanical strength at operating temperatures is not so 
great as with the roof brick; but, on the other hand, the side walls are 
exposed, at times, to the direct action of the basic slag. 

In many furnaces, a course of neutral brick is laid between the hearth 
and the silica of the side walls. This neutral material tends to prevent 
any chemical action between the acid wall and the basic hearth and gives 
the wall some protection from the basic slag; however, even with, this 
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protection, the side walls, as well as the roof, to be chemically correct, 
should be of a basic nature. 

There are several instances on record where the back wall of the 
furnace has been built of chrome brick; varsdng success has been reported, 
but little information has been published except by the producers of 
this material. Magnesite has not been found suitable for this service 
because of its inability to carry loads at hi^h temperatures. Both 
magnesite and chrome have a decided tendency to spall when subjected 
to sudden heat changes, which tendency would further indicate that 
these materials will probably not be the ideal refractory for this service. 


Ports 

The port system, which, taken as a whole, constitutes the burner, is 
the most sensitive part and the one that governs, to a large extent, the 
proper operation of the open-hearth furnace. For this reason, a port 
that will stay put, so to speak, would be of great value to the industry. 

The ports are built at each end of the furnace and so constructed as to 
direct the streams of gas and air to impinge very slightly on the bath 
and away from the roof. The stream of air, being uppermost, adds some 
protection to the roof by further depressing the gas stream; the direction 
of the streams is so arranged as to cause a mixing of the two for combus- 
tion. Any change in dimensions of the port, caused by slagging away 
of the brick, will affect materially both the mixing of the gas and air and 
the protection given the roof; it may also cause the flame to impinge 
directly on the bath and effect excess oxidation therein. 

The wall separating the gas and ah: ports, which is, in reality, an arch 
over the gas port, is constructed of silica brick and protected to some 
extent by water cooling. This water cooling, while it lengthens the life 
of the port, is not the ideid arrangement inasmuch as it tends to carry 
heat away from the gases immediately prior to combustion, thereby 
decreasing the heat of the furnace at the point where hi^ temperature 
is most desirable. Because of the intense heat to which it is subjected, 
and in order to protect the silica brick from the basic slag and dust, the 
bottom of the gas port is usually protected by a layer of magnesite 
or chrome. 

Four of the five major points charted by the A. S. T. M are of prime 
importance in this service; they are: temperature, load, slag, and abrasion. 

The heat, slag, and abrasive conditions at the arch and in the port, 
in general, are so severe that no refractory now in common use has given 
satisfactory results. While temperatures abpve 3200® F. are uncommon, 
it would be desirable to be able to raise this limit 200®. Neither chrome 
nor magnesite shapes are suitable for arch material as they will not 
support an arch at the temperatures obtained in the ports, although their 
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chemical character is correct. Carborundum bricks have been tried, 
but are not satisfactory because the carbide tends to decompose, especially 
under the oxidizing conditions of the open hearth. Spinel and sUli- 
manite have been tried in one or two cases and appear to have possibili- 
ties. Much work must yet be done before the ideal refractory for this 
part of the furnace is developed. 


Uptakes and Slag Pockets 

The uptakes of the open-hearth furnace are the vertical flues that 
connect the ports with the slag pockets. These are chambers at the 
base of the uptakes that catch and retain any solid matter carried over 
in the products of combustion and prevent its entrance into the regenerjt- 
tors. Both uptakes and slag pockets are constructed mainly of silica 
brick, although in some cases, some magnesite brick is inserted in the 
upper lining of the uptakes, directly behind the port. 

The products of combustion enter the uptakes at temperatures from 
2800® to 3000® F. and are heavily laden with vapor, dust and finely divided 
slag. The vapor probably consists of metallic oxides; the dust may be 
from any material used in the process; the slag is, of course, basic. The 
brickwork will, therefore, be subjected not only to high temperatures 
but to considerable slagging and mechanical abrasion at these tempera- 
tures. On the half of the cycle when gas is being burned at the port, 
the gas uptake will conduct a highly reducing gas at about 2000® F., 
and the air uptake will carry air at about 2300® F. The reducing effect 
of the hot gas must not be overlooked when selecting a refractory for 
this purpose. 

So far as ability to carry load and maintain an arch at the indicated 
temperatures is concerned, silica is suited to the service, but where the 
temperatures are highest, the fluxing and abrasive actions of the basic 
slag are excessive. Here, as in the side walls and roof, the use of a basic 
refractory is indicated. As hard-burned material as is consistent with 
resistance to spalling should be used to prevent penetration of gases 
and dust with subsequent fusion. The refractory should be of such 
nature as to permit its being supplemented by heat-insulating material 
in order to prevent excessive heat losses. 

Regenerators 

The regenerators of an open-hearth furnace fimction by absorbing the 
sensible heat from the escaping products of combustion in one part of 
the cycle and delivering the heat to the incoming air and producer gas in 
the other part. In furnaces using natural gas, coke-oven gas, tar, oil, 
or powdered coal, the regenerators are used to prdieat the air only. 
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Essentially, the regenerators consist of two brick chambers at each end 
of the furnace filled with checker brick or tile, arranged in such fashion 
that they will absorb the maximum amount of heat and, at the same 
time, not retard the draft unduly. 

In practice, the regenerators will receive gases of combustion at 
temperatures around 2600° to 2800° F., cool them to about 1200° F., and, 
on the other part of the cycle, will receive producer gas at about 1100° F., 
air at atmospheric temperatures, and heat both to from 2000° to 2300° F. 
These temperatures, of course, will vary over a wide range, according 
to the individual practice. 

The fireclay refractories now used in the regenerators appear to be 
well suited for the purpose for which they are intended; the absorp- 
tion and emission of heat. The temperature demands are weU within 
fireclay service. There is little tendency to spall even when the checkers 
are cleaned. In this service abrasion is of minor importance. The 
clays will carry the load to which they are subjected safely at service 
temperatures. It is highly desirable, however, that a checker brick 
shall not collect slag and carbon or attain a glassy surface by fluxing 
with the flue dusts, as all of these factors wiU reduce its efficiency in 
the absorption and emission of heat. It is also desirable that the brick 
contain a minimum amoimt of oxides of iron; any oxides of iron will 
be reduced by the action of the hot producer gas, resulting in the ultimate 
destruction of the brick. 

An ideal refractory for checker brick will be one quite similar to fire- 
clay brick now used except that it should have a minimum slagging action 
with the flue dirt, and that it should be relatively free from iron. Washed 
fireclays have been used in the manufacture of checker shapes and 
have been reported to give longer life than shapes made from the same 
clay unwashed. 

Discussion 

Three of the more important points that, of necessity, will determine 
the lines along which future research will develop are: (1) The relation 
between the service and the allowable cost of a refractory; (2) the ideal 
relation of the life of the individual parts to the life of the furnace; 
(3) the exact conditions under which a refractory must serve. 

Cost 

It would appear that for a commodity so essential to metallurgical 
operation as refractories there must exist a rather definite relation 
between service and allowable cost. The several men interviewed, 
however, had wide differences of opinion. One operator thought that a 
refractory that would double the life of a roof could demand five 
times the price now being paid. A purchasing agent thought that the 
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plant could probably stand three times the cost of the ware now in use. 
A consulting engineer said that a refractory should give ser^nce in direct 
proportion to its selling price. One person said that a refractory that 
would cost twice the price now being paid should give three times 
the service. 

The cost of a refractory will be more or less determined by the location 
and abundance of the raw material used, together with the amount and 
cost of preparation necessary to produce the finished product. The 
common refractories, such as fireclay and silica brick, are ordinarily 
made from abundant materials secured locally and by ordinary quarry 
or mining practice. No beneficiation is necessary; the crushing, grinding, 
and tempering are simple; the shapes are machine or hand made, but in 
either case the cost of fabrication is low, drying is not diflScult nor 
expensive. This type of refractory is fired but once at a moderately 
high temperature. 

Chrome refractories belong to the once-fired type, but the raw material 
is brought from remote parts of the globe and is relatively scarce. Magne- 
site not only must stand a high transportation cost, but an importation 
duty. The raw material is calcined to a high temperature before being 
made into shapes. Both chrome and magnesite, in this country, owe 
a part of their high cost to the fact that they are burned in periodic 
kilns in which they must be protected by two and one half times as many 
burned silica brick. These brick must, of course, be heated to the kiln 
temperature at each burn, necessitating an abnormally high fuel consump- 
tion. The frequent heating and cooling of the silica will further result 
in a high percentage of breakage. 

The raw materials for refractories, such as bauxite and zirconia, occur 
in limited amounts and are located far from the centers of consumption. 
These refractories have a high residual shrinkage when burned at the 
ordinary temperatures used in ceramic kilns. A sintering or fusion of 
the raw material is desirable before forming the ware into shapes; the 
bonded sinter should be burned at a high temperature. 

Refractories, such as S3nithetic siUimanite, spinel, corundum and 
carborundum, which may possibly fill a limited demand where an espe- 
cially heavy service is indicated, are electrically fused and in many cases 
are rebumed at electric furnace temperatures after being made into shapes. 
To what extent, if any, the manufacturing cost of such refractories as 
siUimanite, spinel, and corundum can be reduced by the utilization of 
the natural mineral depends on the locating of economic deposits of 
these ores, and on the cost of transportation and beneficiation. 

Whether any marked saving can be made by placing unbumed refrac- 
tory shapes in a furnace is worthy of mvestigation. Cobbed chrome 
ore is reported to have been so used successfuUy in back waUs; also, cal- 
cined magnesite in metal containers has given good service. The fluxing 
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and burning of silica to produce a tridjunite brick appears to offer 
promising possibilities. 

With these production considerations in mind it is evident that some 
idea as to the price which the trade could well afford to pay for a refrac- 
tory material would be a valuable guide to any future research. 


Life 

The second major point on which agreement does not seem to be 
general has to do with the utility of increasing the life of one part of the 
furnace unless it be possible to increase the life of all parts to a corre- 
sponding degree. Some operators think that if a furnace could be so 
constructed, and the life of all parts of the furnace so regulated that it 
would reach its limit of service, as a whole, we woTild have the ideal condi- 
tion. Others are convinced that this view is fundamentally wrong, their 
idea being that a furnace is inevitably slowed down gradually in certain 
parts — as by the clogging of checkers, slagging and erosion of ports, etc. — 
and that repairs can be more economically made while the main body 
of the furnace is in fairly good shape. 


Service Conditima 

The conditions to which a refractory will be exposed in service must 
receive primary consideration when making a selection. Certain of these 
conditions are known and have been previously cited; but there are many 
importsint points on which different operators disagree and still others on 
which sufficient data are not available on which to base even an estimate. 

The temperatures to which refractories are subjected have a great 
bearing on the service they will give. Various authorities have quoted 
certain furnace temperatures, but an examination of these data shows 
that the vtdues vary over a wide range. .No doubt this apparent dis- 
crepancy is the result lai^y of differences in operating conditions. 
Assuming that different operating conditions will be accompanied by 
differences in temperatures, we find that there is need of a great number 
of temp^ature observations covering, if possible, all practices and condi- 
tions. In collecting these data, the temperatiures of the furnace atmos- 
phere at all points of the fmmace, as well as the refractory surfaces, 
should be taken. 

Another service condition of which little is known is that of furnace 
atmosphere. Inasmuch as the open-hearth process is essentially an 
oxidizing process, the atmosphere over the bath must, of necessity, be 
oxidizing. However, the nature of the film of gas in contact with the 
roof is not known. We should have reliable data regarding the nature 
of the gas at all parts of the furnace and during all stages of the operation. 
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In certain parts of the furnace, the refractories are damaged by the 
action of the vapor or dust content of the gas. This damage is accom- 
plished either by chemical action or abrasion or a combination of both. 
The average operator's idea of this material suspended in the furnace 
atmosphere is somewhat indefinite. It has been described as a mist 
rising from the bath, or as a dust from the charges; it is of great impor- 
tance to have exact information regarding this material, whether it is 
a vapor, a dust, or a combination of both. We should also know the 
chemical composition and quantity of this material as well as other 
data, such as size and hardness of particles, and some idea of the velocity 
at which they strike the refractory surface. 

DISCUSSION 

C. L. Kinnbt, Jb.* South Chicago, lU. — ^The evaluation of a better 
refractory presents certain difficulties, because of its varied characteristics 
or varied life in different parts of the furnace. Nor do any of us know 
what results would foUow the use or application of a refractory that would 
enable us to neutralize the large heat losses thiou^ the roofs and the side 
walls surrounding the melting chamber and the effect of neutralizing these 
losses on the increase in flame temperature. From a practical standpoint, 
that is an unexplored region. Nor is it generally taken into consideration 
as to what portion of the lost time due to failure of refractories should 
be applied to the purchase or the higher purchase price of better 
grade refractories. 

To take a specific case. If we assume that under average operatii^ 
conditions a silica roof will run for 325 heats but during that period it 
becomes necessary to replace a back wall, there is involved in each of the 
replacements not only the labor and material but also the potential 
tonnage lost. How and in what manner shall we evaluate that lost ton- 
nage and what proportion of the money loss shall we apply to the securing 
of a better refractory? 

From a practical standpoint, although perhaps not a financial one, if a 
furnace will produce steel at the rate of 6 tons per hour and it talies 4 
hours to replace a back wall and to get the furnace back to melting 
temperature again, each replacement will represent the loss of 24 tons of 
ingots. Then the problem is to decide what that 24 tons of ingots may 
be worth. If that 24 tons of ingots will represent 75 per cent, of ^pable 
product from the min dock, knowiag what the net profit to the company 
is on that 75 per cent., it becomes relatively simple to apply the 
money lost by these excessive shutdowns to the purchase price of 
better refractories. 


* Superinteudent of Open Hearth No. 1, Illinois Sted C!o. 
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Evaluating certain refractories in that manner seems to indicate that 
we are paying perhaps too high a price, in this specific case, for such 
materials as magnesite and chrome brick. The combustion chamber 
and the port ends of the furnace are those parts that need more suitable 
refractories. The roof, in particular, is an attractive proposition. The 
back walls, the bulkheads, and the end walls of the furnace, by their early 
failure and by excessive accumulations of slag in the slag pockets, tend to 
terminate the effective campaign of the furnace much earlier than it 
should be. 

But underl 3 dng it all is the fact that we want a refractory and probably 
can afford to pay, in certain definite locations in the furnace, a price far in 
excess of what we are now pajdng for silica, magnesite, and chrome brick. 

I cannot see where there is much hope of improving silica brick to a 
point where we can get the extraordinarily high flame temperatures that 
the process is ultimately going to demand. Silica brick, in a neutral 
atmosphere, has a fusion point of 3100® or 3150® and if the presence of 
oxides, lime dust, and various other fluxing materials are considered, you 
will realize it would not be imfair to assume that that 3150®, in service 
perhaps comes down to 2950®. 

If flame temperatures, when burning producer gas in the furnace, 
are observed, they will be found run about 3400®, 3450®, and, in some 
cases, 3500® F. It is obvious under such conditions that arrangements 
must be made to inject the flame into the furnace in such a fashion that 
the solid-fuel colunm cannot come in contact with any of the surroxmding 
fractures; and if the fuel column does, or even stray portions of it, come 
in contact, there follows an immediate fluxing of the brick. That is 
followed, in practice, by an attempt to raise roofs and by various other 
devices to keep the flame away from the side walls and roof. Some- 
times keeping the flame away from the roof is accomplished by using 
excessive quantities of air, which reduces the flame temperatures. 

If we could find a material with a fusion point somewhat above that 
of our practical flame temperatures we would be able to carry these 
temperatures to a higher point and the resultant increase in production 
would enable us to pay for such material a price that we would now 
consider out of the question. 

It is a common practice now to water-cool the ports, which occasions 
considerable loss of combustion eflficiency. It is not necessary to use 
high-priced basic materials in the lower portion of the furnace; the 
checkerwork, in general, stands up nicely and performs its functions well. 

L. F. Reinabtz,* Middletown, Ohio. — ^When it comes to discussing 
the cost of refractories in open-hearth operations, great stress must be 


* Assistant General Superintendent, The American Bolling Milling Co. 
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laid on the time saved when more expensive refractories are used because 
of decreased number of minor repairs throughout the run or campaign 
of a furnace. Often the initial cost of a refractory is not so important 
as the relative length of time it will resist the wear in a furnace compared 
to a cheaper grade of refractory. 

We have estimated that it costs $50 per hour to shut down an open- 
hearth furnace for small repairs during the life of the furnace. If an 
entire backwaU must be replaced, which normallj’^ causes about 4 hours 
delay, this repair has cost the department $200 plus the actual cost of 
labor and material. In our operations, we know that we are justified in 
paying more than three times the original price for a refractory if we can 
be assured of twice the life. 

Recently, I saw several backwalls laid up with chrome-ore blocks 
instead of silica brick. I was told these walls cost at least three times 
as much as the silica walls, but some of them have made 175 heats before 
requiring a patch. Decreased number of delays on an open-hearth 
furnace result in better operations all along the line, which can also be 
capitalized indirectly. Mill schedules can be more accurately con- 
trolled; number of ''soaker heats” can be cut down; furnace brickwork 
throughout the furnace, especially the roof, will show longer life due to 
less sudden expansions and contractions in the same. 

I doubt if it will be possible to build an open-hearth furnace that will 
fail all over at the same time. Improvement in open-hearth practice for 
years has gone along in a seesaw fashion. When one weak point was 
strengthened, another showed up. The gradual trend of the industry, 
nevertheless, has shown good results as far as increase of yearly tonnage is 
concerned. I believe the present tendency is to improve the port and 
superstructure construction of an open-hearth furnace so that during a 
run it will be possible to shut down a furnace temporarily, cut the slag 
out of slag pockets, and clean the soot out of the checker chambers 
rapidly by improved methods, so that a furnace may deliver maximum 
tonnage throughout the run, and the furnaceman may have proper 
control over reactions. 

In our particular business, making ingot iron, a factor that influences 
the life of our refractories is the corrosive action of the furnace gases, 
which are heavily laden with iron-oxide fumes during the latter part of 
every heat. The usual technical investigator often fails to take this 
factor suflSciently into consideration, and therefore it is difiScult for him 
to understand why a brick that shows very good physical tests and high 
fusing point does not give the expected results in the furnace. The 
lower carbon the steel that is made in an open-hearth furnace the more 
severe is this action on front and back walls, roofs, ports, etc. Slag 
pockets are rapidly filled with a dense oxide of iron slag. It penetrates 
the brickwork when a furnace is new and, in time, lowers the melting 
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point. Large quantities of iron oxide lodge in the checker chambers, 
and cause them to clog up very rapidly. 

Often these deposits are erroneously called ‘^carbon” deposits. 
Many tests have shown that no carbon is ever found in such accumula- 
tions, either in the gas or the air checkers. Recently, we weighed all the 
deposit in a set of checker chambers after a run of 150 heats on a cold- 
metal practice and fotmd that 70,000 lb. of soot had been deposited, or 
about 0.25 per cent, of every charge went over into the checkers as dust. 
This deposit was very high in iron oxide and often ran over 2 per cent, in 
sulfur. When this amount of iron is added to the iron in the slag in the 
slag pockets, the iron absorbed in the brickwork, and the iron going out 
of the stack as fumes, we can have a better idea why the metallurgical 
loss in making extremely low-carbon metal is so high. 

One point brought out by the investigators in reference to the corro- 
sion of furnace bottoms indicated that they believed holes in the bottom 
of a furnace were often caused primarily by mechanical shock, possibly 
during the charging period. I do not believe much bottom trouble comes 
from this source, because a magnesite bottom, at furnace temperatures, 
is extremely tough. In most instances, such bottom trouble comes from 
absorption of iron by the magnesite, which lowers its resistance to high 
temperature reactions. At other times, furnace helpers may not be as 
careful as they should be to drain aJl the metal out of a furnace while 
tapping the heat; this metal then becomes mixed with the limestone and 
bottom material. During the working of some succeeding heat, the 
furnace helper may allow the metal in the furnace to become too hot, or 
the heat may melt high in carbon; in either case the familiar boil may 
start on the bottom toward the end of the heat. The damage done to the 
bottom will then be dependent on the length of time it continues and the 
skill of the furnace man. In any case, if a bad hole has been tom in the 
bottom, it pays to wash out the furnace thoroughly with spar and river 
sand, being sure to allow all such additions to run out of the tap hole. 
It is often necessary to cut the tap hole down quite a distance to allow 
ah metal to drain out. If a good patch is then burned into the bottom 
with Austrian magnesite, no trouble will be experienced with that place 
for a long time. 

Careful attention on the part of a melter to see that bottoms are 
drained dry after every heat, that lime is not allowed to accumulate in 
the bottom, and that heats are not worked down at too high temperature 
will go a long way to help prevent bottom troubles. 

Labor conditions are beconaing more acute each year. Furnace 
helpers must often be trained in a very short time. In the next genera- 
tion, open-hearth furnaces are going to be run in a more scientific manner. 
The blast-furnace men have, for many years, had a better knowl- 
edge of exact conditions in every part of furnace than we have in the open- 
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hearth operation. We have still many things to learn about an 
open-hearth furnace, which will ultimately help us make more tonnage, 
and better quality. 

In a producer-gas fired furnace we should know the temperature 
and pressure of the gas leaving the gas producer. We should have an 
automatic CO2 recorder to teU something of the quality of the gas. 
The reversing valves should not be controlled by the whim of a first 
helper nor by any arbitrary time limit, but shoiild be reversed as the 
checker chambers and furnace require. That means a pyrometric 
system in the checker chambers that will be eflScient; it also means 
a type of valve that can be adjusted to various checker-chamber condi- 
tions, which means independent regulation of valves. Every stack 
should be equipped with draft gage, pyrometer, and recording COg device. 
Such control, when once worked out, will save coal in gas producers, 
furnish better gas to the furnace, increase tonnage, cut down refractory 
and lost time cost, and make better quality control in furnace possible. 

The Bureau of Mines can be of great assistance to practical furnace 
men if it wiU help devise some refractory material that can be used for 
the purpose of taking temperatures of the metal in a bath by means of a 
high-temperature p3rrometer. 

P. E. McKinney, Washington, D. C. (written discussion). — ^When 
discussing production of steel from a standpoint of quality, which in- 
volves leaving the steel in the furnace until it has reached its proper 
degree of refinement, regardless*of time involved, the question of selection 
of refractories becomes an important factor, and those refractories 
that make up the hearth must be selected with the most painstaking 
discrimination. 

Probably the most serious hearth trouble is experienced with the basic 
electric furnace. In preparing a furnace hearth for this process, magne- 
site bricks are used, upon which a hearth is built from dolomite or magne- 
site bonded with fusible material, such as basic slag or iron oxide, which 
will permit sintering to a vitreous condition at moderately high tem- 
peratures. As the average electric furnace cannot use oil or gas flame for 
sintering the hearth, this is done by burning in the initial bottom, by 
placing a block of carbon on the furnace bottom and effecting an electrical 
contact between the electrodes of the furnace. Repairs to the hearth 
between heats are made by filling the cavities in the hearth with the mag- 
nesite or dolomite mixture immediately after the heat is tapped and 
depending on the radiated heat from the roof and walls of the furnace to 
effect sintering. To obtain these properties of long sintering at moder- 
ately high temperatures the percentage of fluxing elements in the refrac- 
tory must be fairly high; in practice these fluxing elements consist largely 
of iron oxide. 
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A hearth made up in this manner will stand up satisfactorily, even at 
high temperatures, while the melt is rich in oxides, but will not satis- 
factorily resist the reducing conditions encountered in refining the steel 
to the highest degree of purity. 

The basic electric process permits the super-refinement of the steel 
through the formation of a slag rich in calcium carbide and the elimination 
of air from the furnace. The degree of refinement is such that metallic 
oxides, such as iron and manganese oxides, can be completely reduced 
from the slag and driven into the metal. Such a reducing condition of 
the slag automatically cleans the metal of all oxides, in which condition 
its affinity for oxygen is greatly increased. 

It has been found that, when the refining operation has reached a stage 
where the slag has been cleared of all except about 1 per cent, of iron 
and manganese oxides, a balance has been reached beyond which refine- 
ment cannot proceed without destruction of the furnace hearth. When 
attempts are made to obtain super-refinement of the metal and complete 
reduction of metallic oxides from the slag, the highly deoxidized metal 
reacts with the iron-oxide bond in the refractory reducing it to metallic 
iron. This reduction releases the bond on the surface of the refractory 
and permits the magnesite or dolomite mixture to float through the bath 
into the slag. The iron oxide still remaining in the released refractory 
not only contaminates the refined metal but deranges the slag and inter- 
feres with further refinement, often necessitating the removal of the slag 
and the formation of a new slag that is free from magnesia. 

This condition not only defeats all attempts to get perfect refinement 
of electric steel but greatly increases cost, as the time consumed in over- 
coming the derangement of balance as the result of poor hearth material 
requires a tremendous expenditure of electrical energy. Cases have been 
observed where a 6-ton heat has required as much as 2000 kw.-hr. over the 
normal power load to overcome derangement of slag and metal caused by 
faulty hearth material. 

The production of electric steel has been perfected to a remarkable 
degree but any further marked progress with the object of producing a 
perfectly refined product entirely free from oxides is prevented by the 
lack of proper material for the hearth, which will have a neutral reaction 
toward fully reduced slag and steel. This problem is of sufiScient impor- 
tance to the industry to warrant the most exhaustive study by 
ceramic engineers. 

It is believed that a satisfactory refractory for basic electric furnace 
should have as a base magnesite or dolomite with a bonding material 
entirely free from iron oxide or other metallic oxides which can be reduced 
by oxygen-free metal or by the calcium-carbide slag. For this purpose, 
such materials as silica, alumina, magnesium salts, silicates of the alkaline 
earths, etc., might be found applicable. 
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Effect of Zircouium on Hot-rolling Properties of High-sulfur 
Steels and the Occurrence of Zirconium Sulfide 

Alexander L. Feild,* M. S., New York, N. Y. 

(New York Meeting* February, 1924) 

In a previous paper, ^ the experimental methods used and some of the 
results obtained in an extensive investigation of steels containing zircon- 
ium were described. The present paper considers in greater detail one 
of the most interesting of these effects, namely, the elimination of “red 
shortness” and the occurrence in steel of a compound of zirconium 
and sulfur. 

A consideration of the actual percentages of zirconium, manganese, 
and sulfur in numerous steels in the light of behavior during rolling has 
led to new conclusions of the most practical import regarding the recipro- 
cal relationships of these elements. The microscopic examination of 
high-sulfur steels containing zirconium has also been productive of 
interesting results. Before discussing the experimental data in question, 
it may be stated, briefly, that the reaction between zirconium and sulfur 
in molten steel may be represented by the simple equation, Zr + 2S = 
ZrS 2 , and that the zirconium sulfide thus formed occurs in the finished 
steel in the form of gray-colored inclusions, closely resembling manganese 
sulfide and, like the latter, exhibiting plasticity at rolling temperatures. 
Molten steel containing zirconium retains such a negligibly small amoimt 
of oxygen in solution that the foregoing reaction goes to completion. 


Hot-rolling Properties of High-sulfur Steels with and without 

Zirconium 

The chemical composition of twenty-eight steel ingots embracing 
eleven heats made in a basic-lined electric furnace is shown in Table 1. 
The practice followed in the manufacture of these high-sulfur steels was 
described in the previous paper. Table 1 also gives the behavior of the 

* Research Metallurgist, Electro Metallurgical Co. 

* Some Effects of Zircomum in SteeL Trans. (1923) 69, 848. 
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ingots during rolling and the condition of the rolled plate. Rolling 
practice for six of the eleven heats was given in Table 2 of the previous 



1- — Upper part op finished plate prom zirconium-treated ingot 3 05 A 
AND untreated INGOT 305B, WHICH BROKE TO PIECES IN ROLLS. ThBSB STEELS 
CONTAIN APPROXIMATELY 0.2 PER CENT. SULFUR AND 0.2 PER CENT. MANGANESE, 


paper. The remaining five heats were rolled in the same mill under 
similar conditions of practice. 

Five of the eleven ingots that contained no zirconium broke to pieces 
on the first or second pass through the rolls and all the rest, except 280B, 
showed “red shortness^' in varying degrees, ranging from a roughening 
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of the edges of the plate to deep tearing that verged on complete breakage. 
Of the seventeen ingots containing zirconium, fourteen were satisfactorily 
rolled to plate and the remaining three were “red short” to a more or less 



Fig. 2. — ^Uppbr part op finished plate from zirconium-treated ingot 306C 
AND untreated INGOT 306B, WHICH BROKE TO PIECES IN ROLLS. ThESB STEELS 
CONTAIN APPROXIMATELY 0-2 PER CENT. SULFUR AND 0.1 PER CENT. MANGANESE. 

pronounced degree- None of the last-mentioned, however, broke to 
pieces during rolling. 

Fig. 1 shows the upper part of the finished J^-in. plate from the zir- 
conium-treated ingot 305 A and, beside it, the untreated ingot (305B) 
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from the same heat that broke to pieces in the rolls. Fig. 2 shows the 
finished plate from ingot 306C containing zirconium and of the cor- 
responding ingot 306B that contained no zirconium and broke up on the 
first pass. These steels contained approximately 0.2 per cent, sulfur 
(see Table 1). 

Minimum Amounts of Manganese and of Zirconium Necessary to 
Prevent Red Shortness 

It has been established by Arnold and Waterhouse^ that when, because 
of a deficiency of manganese, iron sulfide occurs in steel, it exists as a 
separate constituent of pale brown color and not in solid solution in 
manganese sulfide. For this reason, it is permissible to assume that one 
part, by weight, of manganese in a steel will not have converted at best 
more than 0.584 part of sulfur to the relatively harmless form of dove- 
colored inclusions. This proportion is that represented by the theoretical 
composition of the sulfide, MnS. Similarly, it may be reasoned that one 
part of zirconium may not be reasonably expected to convert to zirconium 
sulfide more than 0.708 part of sulfur. This proportion is that existing 
in the compound ZrSo. 

In 1876, it was stated by Hackney® that, to be forgeable, steels must 
contain from three to five times as much manganese as sulfur. In 
steel manufacture today, it is a generally accepted principle that some 
such large excess of manganese is necessary, the tendency being to place 
the ratio somewhere between four and eight. 

McCance^ has offered strong evidence in support of the view that 
the reaction FeO +Mn = Fe-|-MnO in steel is a balanced one and that 
a large excess of manganese is required for the reaction to go to practical 
completion toward the right. This inability of manganese, alone and 
in reasonable amount, to deoxidize steel completely is held to be respon- 
sible for the usual ineflSlciency with which it takes care of the sul- 
fur content. 

The ratios, by weight, of manganese to sulfur for the eleven steels 
of Table 1 that contained no zirconium are given in Table 2. The 
values range from 0.44 to 3.60. In examining these ratios and noting 
in Table 1 the condition of the corresponding steels, it will be observed 
that a complete break up in the rolls occurred only when the ratio fell 
below the theoretical value, 1.71, for the formation of MnS. However, 
the four steels with higher ratios than this, ranging from 1.78 to 3.60, 
showed indications of more or less pronounced red shortness. Ingot 
280B, it is true, showed this property to an important degree only in 

* Jnl, Iron and Steel Inst. (1903) 63, 136. 

» Jnl. Iron and Steel Inst. (1876) 63. 

* Jnl. Iron and Steel Inst. (1918) 97, 239. 
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the upper third of the plate; if this ingot had been cropped before rolling, 
to remove the pipe, a satisfactory" plate would no doubt have been obtained. 
In the practice foUow'ed in the present investigation, the minimum 
manganese content necessary to prevent red shortness was less than 
3.60 but definitely more than 2.23 times the sulfur content. 

linger^ has demonstrated, in operations conducted on 6300-lb. ingots, 
the good hot-working properties of a series of high-sulfur, basic, open- 
hearth steels, and has found it possible to roll "without difficulty a steel 
having a ratio of manganese to sulfur as low as 2.39. He was not able 
to roll satisfactorily two steels in which this ratio was 1.72 and 
1.70, respectively. 

The minimum ratio of manganese to sulfur in basic steels of the hypo- 
eutectoid type may be tentatively placed at 2.3. In other words, 
in its reaction and combination with sulfur, manganese is not more than 
74 per cent, efficient. Whenever, in plant practice, a ratio higher 
than 2.3 is needed to secure satisfactory hot-rolling properties, it is 
certain that manganese is being forced to carry out its sulfur-combining 
function in an environment less favorable than the optimum. 

The ratios, by weight, of manganese to sulfur for the seventeen steels 
of Table 1 that contained zirconium are given in Table 3; the values 
range from 0.44 to 3.77. Examining these ratios, as before, and consider- 
ing them in the light of the remarks on the condition of the rolled plate, 
reveal that many of the steels were entirely free from red shortness with 
far less than the theoretical ratio (1.71) of manganese to sulfur. For 
instance, ingot 333A, with a ratio of only 0.45, yielded a plate free from 
flaws. In the case of this steel, as weU as a number of others, it is evident 
that zirconium has been responsible for converting into a form, harmless 
at rolling temperatures, by far the greater part of the total sulfur. 

It is of interest to calculate what percentages of sulfur the zirconium 
and manganese contents of the steels of Table 3 are capable theoretically 
of holding in combination — as zirconium sulfide, ZrS 2 , in the former case 
and as manganese sulfide, MnS, in the latter. These computed values 
are shown in Table 4, together with the sulfur percentages of the same 
steels, as shown by analysis. Column V of Table 4 contains the calculated 
ratios of total sulfur-combining power of zirconium plus manganese, in 
per cent, sulfur, to the per cent, sulfur actually present. When, for 
instance, this ratio is 1.41, as in the case of ingot 306A, this steel has 
sufficient zirconium plus manganese to take care theoretically of 41 
per cent, more sulfur than is present. When the ratio is unity, the sulfur 
present is in proper amoxmt exactly to account for the zirconium and 
manganese as their respective sulfides. In those cases where the ratio 
is less than unity, there must be iron sulfide in the steel. 


« Irm Age ( 1916 ) 97 , 146 . 
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Fig. 5. — Polished, unetchbd section in plane op rolltng showing sulfii e 
INCLUSIONS IN STEEL 332A. X 500, 



Fig. 6. — Polished, unetched longitudinal section, perpendiculak to plane 
OP rolling, showing sulfide inclusions in steel 332A, whicu contains 0.311 PWIt 
CENT, sulfur, 0.16 PER CENT. MANGANESE, AND 0.32 PER CENT. ZIRCONIUM. X 300. 






Fig. S.-^PoiiiSHJBD, tjnetched section in plane op eollinq op steel 332 A« X 100. 

VOL. MCX. U 
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by the combined action of the zirconium and manganese contents. Of 
the sulfur so combined, not more than 0.093 per cent, can be allotted to 
manganese, leaving at least 0.218 per cent, for formation of zirconium 
sulfide. On microscopic examination of this steel, only one predominat- 
ing and significant type of inclusion is to be observed. The inclusions of 
this type are gray in color and show elongation in the direction of rolling. 
Their abundance and the low manganese content of the steels 
make it certain that only a small part of their total number can be 
manganese sulfide. 

In order to expose to view the general shape of these inclusions, 
photomicrographs were taken of three sections corresponding to three 
planes at right angles, one plane being the plane of rolling, a procedure 
first used by Arnold.® A set of these at 500 diameters is shown in Figs. 
3, 4 and 5, the specimens being taken from the rolled plate of ingot 332A. 
Figs. 6, 7 and 8 show the same sections at 100 diameters, the number and 
distribution of inclusions being shown to better advantage here than their 
shape, although the latter is apparent on close examination. 

These photomicrographs were taken by the method of conical illumi- 
nation devised by H. S. George.^ This method gives depth and relief to 
the object photographed and brings out many structural features ordi- 
narily obliterated or masked under vertical light. Among other things, 
it distinguishes definitely between depressions and elevations. The 
sulfide areas in the photomicrographs are depressed below the level of the 
surrounding metal. 

Identity of Zirconium-sulfur Compound not Decomposed by 1:1 

Hydrochloric Acid 

In the previous paper, analyses were presented to show that a portion 
of the sulfur content of zirconium-treated steels was not evolved as 
hydrogen sulfide in the course of the usual analysis by the evolution 
method, provided the amount of zirconium added to the molten steel 
exceeded 0.15 per cent. This critical value of 0.15 per cent, was con- 
sidered as applicable to the particular kind of practice used in the manu- 
facture of the steels in question and represented the percentage of 
zirconium consumed in reactions with dissolved oxygen and nitrogen. It 
was established that, over a wide range of steel compositions and amounts 
of added zirconium, the following relation held good to a surprisingly 
close approximation: 

Per ceet. eulfer "fixed” - “ ?■« 

where the percentage of sulfur fixed equaled that percentage of sulfur 
which failed to evolve hydrogen sulfide on acid treatment. In other 

^Metallographist (1902) 5, 228. 

^ Trans, Am, Soc. for Steel Treating (1923). 
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words, for every part of zirconium added over and above 0.15 per cent., 
0.10 part of sulfur is fixed in acid-insoluble form. The analytical data 
given as proof of this quantitative relation covered a range of sulfur 
percentages up to approximately 0.1 per cent. Plain carbon steels only 
were considered. 

It is now known that the relation expressed in this equation holds 
equally well for alloy steels of a wide diversity of type. However, 
difficulty is encountered in extending the range of reliable application 
of the equation to more than 0.1 per cent, sulfur, whether for plain 
carbon or alloy steels. This difficulty is imposed by the limitations of the 
evolution method of analysis,at least in its present state of development 

For a number of reasons, it is not believed that the decline in amount 
of acid-evolved sulfur begins until zirconium is present in sufficient 
amount to have converted all sulfur to ZrS 2 . This new conception makes 
the value of per cent, zirconium at which formation of the acid-insoluble 
compoimd starts a function of the sulfur content of the steel instead of a 
constant, 0.15, as given above. This is equivalent to stating that de- 
crease in acid-evolved sulfur proceeds quantitatively on the completion 
of the reactions of zirconium with oxygen and nitrogen and on conversion 
of sulfur to ZrS 2 . 


Per cent sulfur fixed — added zirconium — (0.15 + 1*415), 


where S is the sulfur content of the steel in per cent. This revised equa- 
tion expresses the observed facts to a closer approximation than did the 
original, particularly in the range above 0.05 per cent, sulfur where the 
value of the correction term, 1.415, becomes appreciable. This unusual 
quantitative relation has been confirmed by a number of gravimetric 
analyses made on the insoluble residues that remain after treatment with 
1 :1 hydrochloric acid. 

It is not now believed that there is any simple combination of zir- 
conium and sulfur in the relative proportions of 10 to 1, as might be 
inferred from the equation. Formation of acid-insoluble sulfur proceeds 
in the above orderly manner only when the sulfur content of the steel 
has been converted to the normal disulfide, ZrSa, and is possibly brought 
about by a partition of excess zirconium between the steel and the pre- 
formed ZrS 2 . If this is the case, the amount of sulfur fixed in a form not 
evolved by hydrochloric acid is a measure of the extent of formation of a 
zirconium-zirconium sulfide solid solution. As zirconium displays in all 
of its definitely known compounds a valence of four, it is not permissible 
to postulate the occurrence of a lower sulfide. 

It is especially to be emphasized that fixed sulfur, in the sense of 
sulfur not evolved as hydrogen sulfide on treatment with 1 : 1 hydrochloric 
acid, has now acquired a meaning entirely different from that of the 
sulfur combined in the steel as the normal zirconium disulfide, ZrS 2 . 
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Inclusions op a Highly Emulsified Type 

In all of the high-suKur steels of Table 1 that contained no zirconium 
a highly emulsified type of non-metallic inclusion occurred, visible only 
at high magnifications in the ferrite areas of etched sections. This fine 
emulsion was absent from the steels containing zirconium. Fig. 9 
shows the occurrence of the emulsion in steel 368B, which contained 
0.132 per cent, sulfur. Fig. 10 is the corresponding photomicrograph 
of steel 368C, which contained 0.133 per cent, sulfur, and 0.20 per cent, 
zirconium. The cubic crystal in the latter section is an inclusion of 
zirconium nitride. The magnification in both cases is 1000 diameters. 
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Fig. 9. — Polished section, etched with 5-per cent, alcoholic picric acid 
AND showing finely DIVIDED INCLUSIONS IN FERRITE AREAS OF STEEL 368B, WHICH 
contained no zirconium. X 1000. 

The chemical composition of this emulsion is not positively known; 
however, as pointed out in the previous paper it probably consists of 
very finely divided particles of oxide or sulfide of iron. 

Sulfide Inclusions and Mechanical Properties 

In Tables 18 and 19 of the former paper, the longitudinal and trans- 
verse mechanical properties were reported for five of the eleven high- 
sulfur heats now under consideration. Additional data for heats 307 
and 368 are given here in Tables 5 and 6. Tests were conducted on the 
plate in the as-roUed condition. 




ALEXANDER L. FEILD 


213 


Differences between corresponding test values obtained on specimens 
taken longitudinally and transversely are quite generally ascribed to the 
presence of non-metallic inclusions elongated in the direction of rolling. 
To find, therefore, that steels containing three to ten times as much sulfur 
as is permissible under the usual specifications show ratios of longitudinal 
to transverse properties of the same order of magnitude as are frequently 
encountered in commercial steels is rather surprising. The existence of 
directional properties or mechanical anisotropy in rolled products is 
probably due to more than one factor. 



0 




Fig. 10. —Same as preceding, for steel 3680 which contained zirconium. 

X 1000. 

Source of Zirconium 

Zirconium has been introduced into the steels described both here and 
in the former paper as an alloy of zirconium, silicon, and iron. This 
alloy is commonly referred to as ^sili con-zirconium. The chemical compo- 
sition of the alloy was reported in a number of analyses in the former 
paper (Table 1), 

Summary 

The hot-rolling properties of a number of high-sulfur ingots, with and 
without a zirconium content, have been described, as well as the appear- 
ance and condition of the plate rolled therefrom. The sulfur content of 
the steels ranged from 0.076 to 0.320 per cent. It is shown that: 
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1. Zirconium eliminates red shortness when present in the jSnished 
steel in the proportion of 1.41 parts or more of zirconium to 1 part of 
sulfur; the ratio 1.41 corresponds to the formation of the normal 
zirconium sulfide, ZrSs. 

2. Zirconium sulfide, like manganese sulfide, is plastic at rolling 
temperatures and, in polished sections, is visible as ovoid or elongated 
gray inclusions. 

3. Evidence is offered in support of the view that oxygen is jointly 
responsible with sulfur for red shortness in steels that contain manganese 
only as a sulfur-combining element. 

4. Zirconium, unlike manganese, is not required in the finished steel 
in amount greater than that theoretically required for formation of 
zirconium sulfide, because of its powerful deoxidizing action. 

5. In amount greater than that required to form the sulfide, zirconium 
confers on the sulfur content of the steel the property of insolubility in 
1:1 hydrochloric acid, the percentage of sulfur thus rendered insoluble 
being proportional to the excess of zirconium in the ratio of 1 part of 
sulfur to 10 of zirconium. An explanation of this phenomenon is offered. 
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Table 1. — Analyses and HoUrolling Properties of High-sulfur Steels, 
with and without Zirconium 


Heat Number 

Ingot 

Per Cent 
Added 
Ziiconium 

Per Cent. 
Carbon 

Per Cent 
Sibcon 

Per Cent 
^langanese 

Per Cent 
Phosphorus 

Pei Cent 
Sulfur* 

Per Cent. 
Zirconium, 

Condition of Plates 

280 

A 

0.15 

0 46 

0 15 

0 28 

0 017 

0 077 

0 13 

Satisfactory, no imperfections 


B 

none 

1 0 42 

0.14 

0 27 

0 019 

0 075 


Satisfactory, t roughened along upper edges. 

2S5 

A 

0 16 

0 08 

0 15 

0 37 

0 018 

0 116 

0 16 

Satisfactory, no imperfections. 


B 

none 

0 99 

0 21 

0 38 

0 018 

0 110 


Badly seamed along edges 

286 

A 

0 42 

0 40 

0 44 

0 26 

0 025 

0 109 

0 33 

Satisfactory, no imperfections. 


B 

none 

0 37 

0 44 

0 25 

0.025 

0 112 


Crack in base; badly roughened along one edge 

287 

A 

0 42 

0 59 

0 41 

0 20 

0 016 

0 082 

0 34 

Satisfactory, no imperfections 


B 

none 

0 57 

0.45 

0 19 

0 016 

0 107 


Crack in base, seams along edges. 

305 

A 

0 47 

0 39 

0 40 

0 13 

0 019 

0 100 

0 25 

Satisfactory; no imperfections 


B 

none 

0 32 

0 20 

0 17 

0.015 

0 224 


Ingot broke up on first pass 


C 

0 22 

0 37 

0 23 

0 12 

0 017 

0 210 

0 19 

Torn at intervals along both edges 

306 

A 

0 40 

0 29 

0.43 

0 14 

0 025 

0 182 

0 25 

Satisfactory, shght roughness on upper part 










of one edge. 


B 

none 

0 27 

0 27 

0 13 

0 024 

0 189 


Ingot broke up on second pass 


C 

0 23 

0 27 

0 24 

0 14 

0 024 

0 186 

0.18 

Satisfactory; no imperfections 

318 

A 

0 24 

0 3(1 

0 27 

0 32 

0 021 

0 187 

0 10 

Satisfactory, no imperfections 


B 

noiuj 

0 36 

0 25 

0 33 

0.021 

0 190 


Badly torn along both edges. 

332 

A 

0 47 

0 3,f> 

0,44 

0.10 

0 014 

0 311 

0 33 

Satisfactory, ragged spot near top on one 










edge 



none 

0 37 


0 14 


0 320 


Ingot broke up on first pass. 


C 

0.2.'3 

0 34 

0 22 

0 14 

0.013 

0 319 

0 18 

Badly tom along edges 

333 

A 

0 43 

0.33 

0 38 

0 14 

0 013 

0 310 

0 29 

Satisfactory, no imperfections. 


B 

none 

0 36 


0 15 

0 014 

0 298 


Ingot broke up on first pass. 


C 

0 22 

0 32 

0 20 

0.15 

0 010 

0 311 

0 19 

Tom at one point along edge; edges badly 










roughened. 

307 

A 

0 40 

0,60 

0.40 

0.19 

0 055 

0 310 

0 29 

Satisfactory; no imperfections 


B 

none 

0.66 

0 28 

0.22 

0 044 

0.303 


Ingot broke up on second pass 


C 

0.23 

0.06 

0 26 

0.17 

0.050 

0.318 

0 16 

Satisfactory, a few seams along edge near top. 

308 

A 

0 40 

0 15 

0.28 

0.10 

0.010 

0.132 

0 30 

Satisfactory; no imperfections. 


B 

none 

0.15 

0 27 

0.15 

0 010 

0 132 


Very badly torn and disintegrated. 


C 

0.27 

0.14 

0.25 

0.14 

0 011 

0.133 

0 20 

Satisfactory; a few folds on edge near top. 


* Sulfur dotcrxnined by ffravimotrio method. 

I* Tho ingolA woro iioi cropped before rolling; imperfections nenr top of plate, corresponding to 
* 'piped” portion of ingot not regarded ns significant. 
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Table 2. — Influence of Relative Percentages of Manganese and Sulfur on 
HoUrolUng Properties of Steels without a Zirconium Content 


Heat Number 

Ingot 

Ratio of Per Cent Mn 
to Per Cent. S 

Hot-rolling Propeities 

280 

B 

3.60 

Satisfactory 

285 

B 

3 45 

Bad 

286 

B 

2.23 

Poor 

287 

B 

1 78 

Poor 

318 

B 

1 60 

Bad 

368 

B 

1.14 

Bad 

305 

B 

0 76 

Broke up 

367 

B 

0 72 

Broke up 

306 

B 

0.69 

Broke up 

333 

B 

0.50 

Broke up 

332 

B 

0.44 

Broke up 


Table 3. — Influence of Relative Percentages of Manganese and Sulfur on 
Hot-rolling Properties of Steels Containing Zirconium 


Heat Number 

Ingot 

Ratio of Per Cent. Mn 
to Per Cent. S 

Hot-rolling Propertios 

280 

A 

3 77 

Satisfactory 

286 

A 

3 28 

Satisfactory 

287 

A 

2 41 

Satisfactory 

286 

A 

2 38 

Satisfactory 

318 

A 

1.71 

Satisfactory 

368 

A 

1.21 

Satisfactory 

368 

C 

1.05 

Satisfactory 

306 

C 

0.77 

Satisfactory 

306 

A 

0.75 

Satisfactory 

306 

A 

0.68 

Satisfactory 

367 

A 

0.61 

Satisfactory 

306 

C 

j 0.67 

Bad 

367 

C 

0 53 

Satisfactory 

332 

A 

0.61 

Satisfactory 

333 

C 

0.48 

Bad 

333 

A 

0.46 

Satisfacitory 

332 

C 

0.44 

Bad 
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Table 4. — Influence on Hot-rolling Properties of Relation between Maxi^ 
mum Theoretical Sulfur^combining Capacity of Zirconium Plus Manganese 
and Actual Percentage of Sulfur in Steels Containing Zirconium 


Heat 

Number 

Ingot 

I. 

Per Cent. 
Sulfur by 
Anab^is 

II 

Sulfur 
Equivalent 
(Per Cent. S) 

Mn(0 684X 
Mn) 

III. 
Sulfur 
Equivalent 
(Per Cent. S) 

Zr(0.708XZr) 

IV. 

Total- 

S 

Equiva- 

lent 

V 

Ratio of 
Column 
IV to 
Ccdumnl 

Hot-Tolling 

Properties 

287 

A 

0.082 

0.H6 

0.241 

0.357 

4.35 

Satisfactory 

286 

A 

0.109 

0.151 

0.234 

0.385 

3.53 

Satisfactory 

280 

A 

0.077 

0.163 

0.092 

0.255 

3.44 

Satisfactory 

285 

A 

0.116 

0 215 

0.106 

0.157 

2.77 

Satisfactory 

368 

A 

0.132 

0.093 

0.212 

0.305 

2.31 

Satisfactory 

368 

C 

0.133 

0.081 

0.142 

0.223 

1,66 

Satisfactory 

318 

A 

0.187 

0.186 

0.113 

0.299 

1.60 

Satisfactory 

306 

A 

0.182 

0.081 

0.176 

0.257 

1.41 

Satisfactory 

305 

A 

0.190 

0.076 

0.176 

0.252 

1.32 

Satisfactory 

306 

C 

0.186 

0.081 

0.127 

0.208 

1.12 

Satisfactory 

332 

A 

0.311 

0.093 

0.234 

0.327 

1.05 

Satisfactory 

367 

A 

0.310 

0.110 

0.205 

0.315 

1.02 

Satisfactory 

305 

C 

0.210 

0.070 

0.135 

0.204 

0.97 

Bad 

333 

A 

0 310 

0.081 

0.205 

0.286 

0.92 

Satisfactory 

333 

C 

0.311 

0.087 

0.135 

0.212 

0.70 

Bad 

367 

C 

0.318 

0,099 

0.113 

0.212 

0,67 

Satisfactory 

332 

0 

0.310 

0.081 

0.127 

0.208 

0.65 

Bad 


Table 5. — Mechanical Tests on High-sulfur Rolled Plate {Longitudinal) 


Heat Number 

Per Cent. 

Added 

Zirconium 

Yield 
Point. Lb. 
Per Sq. 
In. 

Ultimate 
Strexurth, 
Lb.Per 
Sq. In. 

Elonga- 
tion In 

2 In., 
Per Cent, 

Reduction 
of Area, 
Per Cent. 

laod 

Nixmber 

Ft.-Lb. 

Bnnell 

367A 

0.40 

45,424 

114,009 

12.5 

24.4 

7.8 

202 

0 

0.23 

46,605 

107,993 

13.8 

24.2 

7.2 

204 

sesA 

0.40 

32,963 

59,008 

29.0 

63,6 

62.4* 

95 

C 

0.27 

29,438 

54,124 

30.5 

58.1 

58.7* 

86 


® Test piece bent, not entirely broken. 

The B ingots of both heats, containing no zirconium, broke up during rolling. 


Table 6. — Ratios of Longitudinal to Transverse Properties 


Heat Number 

Per Cent. Added 
Zirconium 

Elongation in 2 In., 
Per Cent, 

Reduction of Area 
Per Cent. 

Icod Number, 
Ft.-Lb. 

367A 

0.40 

1.60 

2.49 

1.43 

C 

0.23 

2.12 

3.32 

1.41 

36SA 

0.40 

1.14 

1.80 

1.41 

0 

0.27 

0.97 

1.22 

1.22 
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DISCUSSION 

Beram D. Saklatwalla,* Bridgeville, Pa. — The author has taken 
the standpoint from a chemical basis of combination of sulfur and zir- 
conium, but one very important point has been overlooked. The com- 
plete data for drawing another sort of a conclusion are present in the paper 
but this conclusion has not been drawn. 

The author speaks of some part that oxygen plays in combinations of 
manganese sulfide and zirconium sulfide. He also mentions that steels 
containing non-metaUics and oxides show emulsification phenomena, and 
that the bad properties of such steels might be due to the presence of such 
emulsions. It may be that the strongly deoxidizing power of zirconium 
puts the iron content, or the body of the steel, in such physical shape as 
to allow the non-metaUics to diffuse through it, or rather to coagulate 
into harmless ^obules, or what he terms plastic sulfides. So, really, the 
effect of making sulfur harmless by zirconium might be purely of a 
secondary nature. 

The question then would be as to why other deoxidizers do not accom- 
plish the same thing. We know that manganese does the same thing, 
but to a lesser extent. The paper shows that we require a much larger 
amount of manganese to complete this reaction than would be necessary 
theoretically. That might be due to the less strongly deoxidizing power 
of manganese as compared with zirconium. Zirconium is perhaps the 
most powerful deoxidizing element that we know of that can be used in 
steel, and this good effect might be purely due to the cleansing effect of 
removing the oxygen and putting the other non-metaUics into a more 
coagulable form. 

Bradley Stoughton, f Bethlehem, Pa. — ^Will this sulfur that is 
combined with the zirconium come out on a sulfur print? Con the 
insolubility of the zirconium sulfide be used in any way for removing the 
sulfur, as is done in the case of manganese, although so slowly? 

Alexander L. Feild. — ^The question of the degree of insolubility of 
zirconium sulfide in steel at temperatures above the Hquidus for the iron- 
carbon system cannot be answered definitely. That zirconium sulfide 
may become, in part, insoluble before freezing of the metal occurs has been 
amply demonstrated by the substantial elimination of sulfur in the ladle 
imder favorable conditions. It is not, however, believed that the use of 
zirconium for actual elimination of sulfur from steel is practicable in 
most instances. 

The effect of zirconium sulfide on a sulfur print depends on whether 
an excess of zirconium over and above that required for the formation of 


• General Superintendent, Vanadium Corpn. of America, 
f Professor of Metallurgy, Lehigh UniTersity. 
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the normal sulfide has been used or not. The normal sulfide (ZrSs) is 
attacked by dilute sulfuric acid, although not as rapidly as is manganese 
sulfide, and its presence is therefore disclosed. By the employment of 
an excess of zirconium, as above defined, the solubility of zirconium 
sulfide may be progressively decreased until a point is reached at which 
no trace of sulfur appears in the sulfur print. 

I do not recall having seen any data that prove that manganese 
eliminates sulfur from steel in the ladle, due to separation of manganese 
sulfide. This separation would appear to occur appreciably only in the 
case of a pig-iron mixer or in a ladle of cast iron, in both of which instances 
the metal has a considerably lower melting point. 

Andebw M’Cancb, Motherwell, Scotland (written discussion). — Of 
the elements that had the power of precipitating sulfur from its solution 
in molten iron, manganese was by far the most important; aluminum 
was also effective, though less known; now this paper has added 
zirconium to the niunber. The beneficial action of such elements is, as 
the author has pointed out, closely connected also with their behavior to- 
ward oxide compounds, which subject offers a wide field for research. 
It is possible, for instance, in bath samples, taken from basic open- 
hearth charges, to obtain two tests at different stages in the course of the 
heat, in which the contents of sulfm* and manganese are practically 
identical, and yet their behavior during forging will be quite different- 
one showing marked red shortness and the other an entire absence of 
this condition. It is obvious, in such a case, that sulfur, in itself, is not 
the cause of the red shortness, while other work has dbown equally that 
excess oxides in pure steel did not lead to red shortness above 900° C. 
It seemed to be their combined presence that was so detrimental. 

Similarly, therefore, in determining the action of the agents that 
remove red shortness, it might be that, if the effect of zirconium was to 
remove oxides alone, the red shortness, due to sulfur, might equally 
disappear, although insufficient manganese was present to combine with 
the sulfur. 

In this connection, it is hazardous to try to identify a microoonstituent 
by visual examination alone, unless it has definite cWaoteristics, and it 
would enhance the value of this if the author would explain, in detail, the 
reasons by which he was led to decide that the gray constituent was 
ZrSi. In a long endeavor, the writer has never met with a single authen- 
tic case of even moderately pure manganese sulfide in conunercial steels. 
Every example of dove-gray inclusion that he has been able to analyze 
has consisted of manganese silicate and oxide, with, at the most, 7 per 
cent, sulfur. The dove-gray inclusions in the author’s steels might be 
solid solutions of MnS, MnO, ZrO, and ZrSs and be all of the one kind. 
It is just possible that the author’s conclusions regarding the zirconium 



220 EFFECT OF ZIRCONIUM IN HOT-ROLLING OF HIGH-SULFUR STEELS 


compound concerned in the reactions might be modified if the exact 
composition of the inclusions were known. An additional reason for this 
suggestion is found in Fig. 9, as the emulsified inclusions shown in this 
photograph are very similar in appearance to the oxide specks found in 
low-carbon, basic, open-hearth steel, which are reducible by heating in 
hydrogen. 

George F, Comstock,* Niagara Falls, N. Y. (written discussion). — 
This paper shows that zirconium is more effective than manganese in im- 
proving the rolling quality of steels abnormally high in sulfur. It would be 
instructive however if the author would compare the cost of preventing 
red shortness by zirconium with the cost of obtaining the same effect by 
manganese. The zirconium additions required for combining with all 
the sulfur seem rather large, considering the price of this metal. The 
failure of manganese to react favorably with all the sulfur in steel, unless 
a large excess is present above the theoretical amount, should not be 
blamed on its weakness as a deoxidizer, as implied in conclusion 4. The 
fact that manganese is a true alloying element in steel, reacting with 
carbon to form part of the pearlite, should be taken into consideration. 

Some proof should be given for the statement that zirconium reacts 
with sulfur in steel according to the simple equation Zr + 2S = ZrSa. 
The mere statement of this formula seems hardly conclusive. The 
metallographic evidence submitted would indicate that the sulfide formed 
is at least a mixture or compound of manganese and zirconium sulfides, 
and possibly containing iron sulfide also. 

We should probably all be more careful to distinguish between the 
metallographic and chemical conceptions of the inclusions in steel. For 
instance, the metallographic constituent iron sulfide is rarely present in 
commercial steels, yet as the author stated in the discussion of his previous 
paper® a chemical compound of iron and sulfur undoubtedly exists in all 
steels as a part of the metallographic constituent known as manganese 
sulfide. Arnold and Waterhouse, in the reference quoted in the present 
paper to deny the existence of any iron in the sulfide constituent of normal 
steels, were correct only in the metallographic sense. Much more 
extensive investigations by Levy® and R6hl^® and a statement by Law,^^ 
though ignored by the author, certainly show that the constituent com- 
monly called '‘manganese sulfide'' in steel really contains varying 
amoimts of iron, also in combination with sulfur. The iron sulfide 
present in this form is as harmless as manganese sulfide and is usually 

* Metallurgical Engineer, Titanium Alloy Mfg, Co. 

s Some Effects of Zirconium in Steel. Trans. (1923) 69, 848. 

* Carnegie Schol. Mem,^ 3, 282. 

Carnegie Schol. Mem., 4 , 28. 

“ Jnl. Iron and Steel Inst. (1907), 2, 94. 
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ignored by metallographists, to whom the term “iron sulfide” means the 
distinctive brownish constituent described by Arnold and Waterhouse. 

No evidence is submitted by the author to show that zirconium sulfide 
exists in steel in any purer state than manganese sulfide, so that it is most 
reasonable to assume that it merely enters into the sulfide mixture that 
steel generally contains. The working out of the correct quantitative 
relation between zirconium and sulfur in steel is thus undoubtedly 
hindered and complicated by the failure of zirconium sulfide to exist in 
the pure state. The assumption that oxygen must be responsible for 
red shortness in high-sulfur steel would not have been required if the 
unwarranted assumption that the sulfide inclusions in steel are chemically 
pure compounds had not first been made. 

A. L. Fbild. — ^Mr. Comstock credits me with the statement that 
“a, chemical compound of iron and sulfur undoubtedly exists in all steels 
as a part of the metaUographic constituent known as manganese sulfide.” 
I had no intention of leaving this impression by any statement which 
I made in the course of the discussion to which he refers. I would 
appreciate it very much if Mr. Comstock would say just where this 
statement occurs. 

It seems to be Mr. Comstock’s conviction that conclusive experi- 
mental proof has been obtained by other investigators (particularly 
Levy, R6hl and Law) that the normal dove-colored constituent in 
steel that is termed “manganese sulfide” contains varying and sig- 
nificant amounts of iron sulfide; and that I have failed to take this 
fact into account. 

In my treatment of the subject I confined myself largely to the 
metaUographic evidence and hot-working observations advanced by 
Arnold and Waterhouse because of the practical significance of their 
work and the scale on which their operations were conducted. Although 
I did not refer to the fact, I had made a careful study of the work of the 
other investigators to whom Mr. Comstock refers and had concluded 
that their findings did not necessarily disprove the conclusions of Arnold 
and Waterhouse. 

Law,^^ for instance, in referring to the occurrence of iron sulfide says; 
“When it does occur it is usually found with, and often completely sur- 
roimding, the manganese sulfide.” He later sajrs that manganese sulfide 
varies very much in color and composition. Also (on page 07) “the 
Ughter color is found in steels high in sulfur and low in manganese, and 
is probably due to the manganese sulfide dissolving a certain amount 
of iron sulfide.” No chemical evidence whatever is advanced. Law’s 
stand is probably summed up in the statement (on page 96): “The 
microscopical examination shows that m cozcmercial steris no fewer than 


Loc. cU^j 96 . 
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five distinct impurities may be present; viz., sulfide of iron, sulfide of 
manganese, silicate of iron, silicate of manganese, and oxide of iron 
(or possibly oxide of manganese). It must be understood that these do 
not occur in a pure state, but iheir com/position is essentially that of the 
compounds named," [The italics are mine.] Law is in substantial 
agreement with Arnold and Waterhouse. No one would attempt to 
maintain that normal manganese sulfide inclusions are chemically pure 
MnS. I have nowhere stated, however, that iron sulfide is a necessary 
or significant constituent of the normal dove-colored inclusions. If it 
were a significant constituent, steels with a lower ratio of manganese 
to sulfur than that which corresponds to the formation of MnS ought to 
be free from “red shortness,” in some instances at least. Evidently, a 
process of solution of iron sulfide m manganese sulfide to form plastic 
inclusions should relieve manganese of a portion of its work. Although 
steels containing zirconium are to be considered an exception, practical 
experience in general has shown that steels containing more suhur than 
that which can be accounted for as existing in combination with man- 
ganese as the normal sulfide are subject to “red shortness.” 

Levy^* refers to only one apparently brief series of experiments with 
steel. He agrees with Law that the depth of color of the manganese 
sulfide inclusions depends on the composition of the steel; he makes the 
following statement (p. 307): “The darker varieties of the sulfide, corre- 
sponding to the greater freedom from iron, are more usually foimd in the 
steels of higher manganese and carbon proportions; whilst in steels con- 
taining small amounts of these constituents iron sulfide may be occa- 
sionally distinguished, not infrequently associated with manganese 
sulfide, as already described.” Levy describes (p. 807) the two types of 
inclusions as “very pale yellow-brown areas resembling iron sulfide” 
and “exceedingly pale lavender-colored patches.” His very able work 
on the system MnS-FeS, which is described in the same paper, does not 
bear directly on the point at issue, because of the absence of any uncom- 
bined iron in the melts. Iron suMde, in the absence of iron, dissolves in 
manganese sulfide up to 50 per cent, by weight. It is not proved that a 
solid solution of the two sulfides separates from iron on solidification. 

Bdhl^* confined himself to experiments with 30-gm. melts of steel. 
The conclusions drawn therefrom, as well as from the data which he 
had obtained on the system FeS-MnS, deserve no particular attention 
here. In so far as the s 3 rBtem FeS-MnS is concerned, he fails to check the 
data of Levy. Conclusions based on these erroneous results are em- 
ployed in his later deductions regarding occurrence of sulfides in the very 
small melts employed. Rhbl himself admits the absence of conditions 
approaching those of regular practice. 


“ hoc. dt. 
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Zirconium is known to form only one sulfide and the composition 
of this sulfide can be expressed by the formula ZrS 2 . In conclusion, it 
may be stated that the reaction expressed by the simple equation Zr + 
2S = ZrSs, explains the elimination of “red shortness” by means of 
zirconium in a remarkably quantitative manner, as shown by the analyti- 
cal data and hot-rolling observations recorded in the tables. These 
facts may not constitute a rigid proof in the academic sense. In this 
coimection, however, I believe Mr. Comstock will agree with me that 
proof of this sort has been obtained in the case of none of the deoxidizers 
commonly employed in steelmaking although certain of these have been 
in general use over a long period of years. 
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EFFECT OF COKE COMBUSTIBILITT ON STOCK DESCENT 


Effect of Cote Combustibility on Stock Descent in Blast 

Furnaces* 

By P. H. RoTSTBBt -ajtd T. L. Joseph,! Minneapolis, Minn. 

(New York Meeting, February, 1934) 

In a stuciy of the blast-fumace process, the Bureau of Mines has 
made many experiments for the purpose of determining the exact nature 
of the combustion of coke in the neighborhood of the tuyeres. Two 
papers^ presented at a meeting of this Institute discussed somewhat the 
practical aspects of coke combustibility in its relation to the operation of 
the blast furnace. In a later paper, ^ Sherman and Kinney discussed the 
possible effect of variations in the combustibility of cokes on the furnace 
operation, and find that the ‘^reoxidation theory” of Koppers and the 
^*heat concentration theory” of Brassert* are insufficient to explain the 
variation in the conduct of different cokes that has been observed by 
furnace operators. In their report to the D-5 Committee of the American 
Society for Testing Materials, with which the Bureau of Mines has been 
codperating, Ferrott and Fieldner^ seem to agree with Sherman and 
Einney that, for practical purposes, the nature of the combustion of 
coke at the tuyeres* of any furnace is constant and is affected neither by 
the physical properties of the coke nor by the nature of the furnace 
operation. They omit as unimportant any tests on the combustibility 
of coke from their proposed methods for standard tests on coke. In the 
last two papers, it is pointed out that performance tests, in which all 
other factors except coke quality are kept constant, are to be desired and 
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it is suggested that such a research can he conducted with the Bureau’s 
experimental blast furnace at Minneapolis. 

It is difficult to determine to what extent furnace operators and coke 
producers are convinced that the data collected by Perrott and Kinney 
prove that coke combustibility is not an important factor in blast-furnace 
operation. At first, it would seem, from the gas analyses taken across 
the tuyere zone of eleven furnaces, that the variations in the locations of 
the points of disappearance of oxygen and carbon dioxide are too small 
to produce any noticeable change in the operation of the furnace; these 
results cannot be readily reconciled with the differences observed by 
operators in the performance of coke in the blast furnace. It seems safe 
to conclude, however, that Perrott and Kinney have verified the dis- 
covery of Ebebnan, in 1841, that all of the coke burned by the blast is 
consumed within 30 to 40 in. from the tuyeres. In their ori^al report, 
Perrott and Kinney collect into one table the work of previous similar 
investigations. Of these early investigators. Van Vloten,* in 1893, con- 
ducted the most systematic investigation of coke combustion, although 
his data were taken from only one fmmace. Van Vloten’s gas samples 
were not confined, however, to points along the center line of the tuyeres; 
he covered the whole of the tuyere plane, also a plane above and another 
plane below the level of the tuyeres. The region of combustion was 
found to approximate spheres with centers corresponding to the center 
of the tuyeres. Although this conclusion would readily follow from the 
work of Perrott and Kinney, it might be suggested, because the coke in 
the face of the tuyeres breaks up the jet action, that the percentages of 
Oa and COa mi^t be found to vary differently dependmg on the angle 
of approach to the tuyere. A number of furnace operators have 
expressed the opinion that the combustion zone extends farther above 
the tuyere plane than it does toward the center of the furnace along the 
axis of the tuyere. Work is now imder way, in the Birmingham district, 
to obtain further information on this point by exploring a plane above 
the tuyere level. 

It is the purpose of the present paper to discuss the suggestion of 
Van Vloten that as all the coke disappears in isolated regions located 
at the nose of the several tuyeres, it is nece^ary to assume that the 
descent of the coke in the bosh is not in verticfd lines but that the flow is 
analogous to the motion of a liquid through a fmmel, it being supposed 
that a funnel is mounted over each tuyere. This would leave a large 
part of the hearth and bosh filled with practically stationary coke; it is 
probable that stationary coke exists not only in the center of the hearth 
but also between the tuyeres. The effect of such a mass of coke lying 
at rest in the bottom of the hearth on the motion of the stock in the 


* Stahl vnd Eiaen ( 1893 ) 18 , 26 - 30 . 
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fumace, as a whole, is impossible to predict, and Van Vloten suggested 
that its effect should be studied. 

Acting on this suggestion of Van Vloten, the writers tried to study, 
in a simple way, the effect of coke combustibility on the movement of the 
charge in a blast fumace, by means of small model furnaces. The use of 
such models was suggested by Bell smd a most excellent series of such 
experiments was published in the Transactions in 1888.* It is unfortu- 
nate that the data of Van Vloten were published five years after the 
experiments of Bichards and Lodge, instead of five years before. 

The model experiments of Richards and Lodge were carried out with 
a vertical model of wood and glass 40 in. high, the fumace lines of the 
model being those of Edgar Thompson Fumace D, of 1885. The model 
was filled by the bell-and-hopper device, the charge being various mix- 
tures of sand and pebbles. These investigators discussed, in their paper, 
the' obvious criticisms applicable to such a model and termed their 
experiments cmde and defective but hoped that “they would throw some 
li^t on the difficult question of fumace feeding,” which result they 
accomplished. The most serious fault with the manner of conducting 
the experiments was the method of removing the sand and pebbles from 
the bottom of the model. In most oases, the materials were removed 
uniformly across the hearth level; but in several cases from near the 
center of the hearth. It appears that little importance was attached to 
this phase of the experiments, the natural assumption seeming to be that 
combustion extended throu^out the plane of the tuyeres. From the 
location of the zones of combustion, as determined by actual experiment, 
the materials representing the blast-furnace charge should have been 
removed from isolated regions near the edge of the hearth. 

The writers have carried on experiments with model furnaces for 
several years. The purpose of most of these experiments was in no way 
ooimected with the question of fumace filling. In one phase of the 
writers’ work, the problem of fumace lines has been predominant. 
Experience with these models has convinced them that such experiments 
are of great value in helping the mind to visualize the course of the solid 
charge in its path downward throu^ the furnace. After trying a 
munber of possibilities, the following device has been adopted. A smooth 
wooden board is indmed at an angle of about 10° to 20°. On this board 
the lines of the fumace to be exanoined are drawn to scale and pieces of 
cardboard are glued to the board to correspond to the fumace walls; 
the space within, corresponding to the fumace proper, is filled one layer 
thick with small lead shot, 0.16 in. diameter, which would correspond 
in the actual fumace to 5-in. spheres. A definite number of shot is 
removed from the tuyere zone at those places where the lumps of coke 

* Bichards and Lodge: Descent of the Charge in an Iron Blast-fiviuice. Trans, 
( 1888 ) 16 , 144 - 162 . 
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are supposed to be burned by the blast, and the overlying mass dides 
down under the influence of gravity, new shot being charged to keep the 
stock line constant. A suitable number of the shot are etched with acid, 
plated with copper, or otherwise marked in order that they may be 
distinguished one from another. The path taken by the shot through the 
model furnace and the relative speeds with which the various shot travel 
are measured by noting the position of the marked shot from time to time. 

For the present purpose, the design selected corresponded as nearly 
as possible to a representative modem American blast furnace; the lines 
are ^own in Fig. 1, which is a composite drawing of the lines of flfty 
furnaces now or recently in blast. The curved lines indicate the shape 
and position of a row of shot after a fixed number have been removed 
from the neighborhood of the tuyeres quantitatively to correspond to the 
actual combustion of coke lumps calculated from the gas composition 
found in the experiments of Ferrott and Kinney. These curves are the 
average of six tests and denote the position of shot that have been in the 
furnace the same length of time. Richards and Lodge have called them 
isochronous lines. In charging alternately groups of differently marked 
shot, the layers retain their identity about two-thirds of the way down 
the mantle. At the bottom of the mantle and in the bosh, the layers 
tend to miTT and great care is needed to identify the marked shot. There 
is a region of rdatively stationary coke in the center of the hearth and 
bosh throu^ which the gas flows readily ; for the coke bed there is rdatively 
permeable to gas flow, particularly as the interstices between the lumps 
are not filled with solid particles. This region of stationary coke is also 
the hottest part of the furnace, because no cold material is entering it 
from above. The distortion of the layers of stock begins as high as the 
stock line; the lumps of material near the furnace wall move more rapidly 
than those nearer the center. The frictional effect between a lump of 
coke and a brick wall, laid with any care and in a reasonable state of 
preservation, is much less than the frictional effect of an irregular lump of 
coke against another lump. 

In Fig. 2, it has been imagined that the coke is burned almost instantly 
at the nose of the tuyere; that is, the coke is supposed to be highly 
combustible. Here the tendency for the stock to move more rapidly 
along the walls is accentuated; the part of the furnace where there aftama 
to be little movement of the charge is larger and the space through which 
the coke feeds down into the combustion zone is correspondingly smaller. 
With such a decrease in the space through which the stock descends, the 
time in the furnace would be shorter and the funnels, according to the 
analogy proposed by Van Vloten, would be smaller. Although no coke 
that is now in use would bum within such a ^ort distance of the tuyeres, 
Fig. 2 is useful in showing more clearly the effect that localized combus- 
tion has upon the descent of the charge. 
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For comparison, Fig. 3 has been produced to show the flow of stock 
in a furnace when it is assumed, as Richards and Lodge did, that combus- 
tion takes place umformly across the whole hearth area. In this case, 
the idle zone of the furnace has disappeared and the layers move down 
the furnace, retaining in general the shape taken at the stock line. Such 
a case is, of course, only imaginary, and in view of the large array of data 
collected it seems certain that when preheated air is forced into a bed of 
coke at temperatures of 1660® to 1800® C., the O 2 will all be converted 
into CO within 30 to 40 in. of the entrance of the blast. 

A comparison of the figures shows that a change in the space rate of 
combustion, which determines the positions in which coke is consumed at 
the tuyeres, has an effect on the movement of the stock in the blast 
furnace. The predominating tendency is for the coke to feed downwards 
into the space where combustion is taking place, which effect is trans- 
mitted as high in the furnace as the stock line. The facts here indicated 
are difficult to interpret in terms of practical furnace operation. In the 
case of a fast-buming coke, the volume occupied by the region of station- 
ary coke in the center of the bosh cuts down the available volume of the 
furnace; also, as the stock near the center of the bosh is moving very 
slowly, it must be moving at a greater speed toward the edge of the furnace. 
With a normal combustion zone extending into the furnace about 30 to 40 
in. from the tuyeres, it seems reasonable to suppose that lumps of coke 
(and calcined stone, not taken up in the fusion zone) tend to move down- 
ward near the bosh walls in the lower part of the furnace. Most of the 
slag and metal probably descend nearer the center of the furnace. In 
the upper part of the furnace, where the fine ore particles retain their 
identity, the resistance to gas flow would seem to be greater near the 
walls and more than a proportionate part of the ascending gas stream 
would flow through the center of the furnace. In consequence, the tem- 
perature of the fast-moving materials nearer the walls is lower, for the 
interchange of heat between gas and solids is reduced. The excess of 
solids descending through the funnel-like or cone-shaped spaces near the 
walls and the deficiency of gas rising through this portion of the furnace 
lowers the temperature of the gas and of the solids. As a result, heat 
loss through the walls is less and the life of the lining is lengthened. 

It should be remembered that the comparison shown by Figs. 2 and 
3 is between two imaginary cokes, one aq extremely fast-buming coke 
and the other very slowly combustible. Within the range of variation 
in combustibility found in the furnaces investigated by Perrott and 
Elnney, the model experiments show no difference in the manner of 
stock descent. 

In arranging the model experiments just described, the writers 
have intentionally eliminated a large number of disturbing influences. 
The selection of shot, in place of the irregular solids used by Richards 
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and Lodge, was made to isolate the effect of the location of the combus- 
tion zones from other factors such as variations in size and shape of the 
particles. The use of shot was suggested by the experiments of Krei- 
singer in his laboratory work on the drafts required to force air through 
fuel beds. Two sizes of lead shot were used in the model furnace; the 
size was found not to affect the result. The force, acting downwards on 
the solids, was changed by varying the angle at which the board was 
inclined. The magnitude of this force, when varied over wide limits, does 
not change the course of the materials. The use of this form of model is 
reconunended to those interested in stud3ringthe path of materials in their 
furnaces. The experiments can be carried out rapidly and light can be 
shed on a number of problems. The effect of bosh tuyeres, such as are 
used abroad, can be studied quantitatively. The effect produced by 
removing more shot from the tuyere on one side than from the opposite 
can also be studied. As the purpose of the present paper is to discuss 
the movement of stock only in its relation to the location of the combus- 
tion zones, it is not in point to present results of such tests. 

It might be thought that the results of these model tests would be 
made more directly applicable, and hence more valuable, if the disturbing 
influences that have been eliminated were left in the experiment. If 
these were few in number, this would undoubtedly be true; but the 
number of variables is so great that the necessary experiments to cover 
the various combinations are practically iimumerable. Everyfurnace has 
its own combination of factors that determines the path of the materials. 
Ratio of bosh to hearth diameter, bosh angle, batter in the mantle, stock- 
line diameter, diameter and angle of the beU, screen analyses of the coke, 
stone, and ore, relative amounts of these materials charged, the presence 
of stickiness in those regions where the slag is first formed into a pasty 
semifluid mass, the mechanical force of the blast upwards through the 
furnace — all these factors affect one another and the resultant effect 
on the motion of the stock is dependent on all of them acting at once. 
The effect of the location of the combustion regions on the descent of the 
stock is probably the easiest of them ^ to study and the writers feel 
that the foregoing experiments bear directly on it and show the possi- 
bilities of the problem in a simple manner. 

It was stated in the beginning that the question of how far the data 
collected by Perrott and Kinney go toward convincing furnace operators 
that cokes do not differ widely in combustibility is in doubt. It is 
hoped, however, that the material which has been presented will help 
to establish a common conception of the nature of the oombTistion in the 
blast furnace, and that some light has been shed on the probable effect 
of the extent of the combustion zone on the descent of the charge. In 
view of the fact that coke producem and furnace operators, as a whole, 
believe that coke combustibility pla3rs a large part in blast-furnace opera- 
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tioD, performance tests, either on a commercial furnace or on an experi- 
mental basis, should be conducted. 


DISCUSSION 

Ralph H, Swebtser,* Columbus, Ohio. — At the first meeting of the 
Institute I attended, the Niagara Falls Meeting in 1898, the question of 
the size and shape of tuyeres was discussed. Among the blast-furnace 
men discussing the penetration of the blast were anthracite-furnace men, 
to whom the question of penetration was most important. They were 
dealing with a fuel that the ordinary blast-furnace man considers very 
incombustible; I was surprised, therefore, to find the Bureau of Mines 
men claim that anthracite is the most combustible of blast-furnace fuels, 
because they claim to have shown that combustion takes place on the 
surface of the fuel. I do not agree with them. They have confused 
distance of travel with speed of travel. In their report of investigations 
on the progress in blast-furnace research,^ Royster, Joseph, and Kinney 
say: “The investigation has shown to the coke-oven operator the impos- 
sibility of changing coke combustibility by modifying oven practice.” 

In the paper under discussion, the authors, on page 224, have implicated 
Fieldner and Sherman in these erroneous conclusions and say “for practi- 
cal purposes, the nature of the combustion of coke at the tuyeres of any 
furnace is constant and is affected neither by the physical properties of 
the coke nor by the nature of the furnace operation.” They omit (that is, 
these men) as unimportant any tests on the combustibility of coke from 
their proposed methods for standard tests on coke. 

These erroneous conclusions arise from the fact that the scientific 
investigators have a different conception of coke combustibility than 
have the blast-furnace men. Brassert defined coke combustibility some 
years ago, and said : “ What principally concerns the blast furnace is the 
rate of progression of the combustion which depends not so much on the 
chemical analysis as on the physical qualities of the coal. It is this rate 
of progression that we term combustibility which is the speed at which 
the carbon molecules in the coke combine with oxygen under given 
conditions.” That is, it is the speed. 

I suggest this modification of Brassert’s definition: “Combustibility 
of coke is the rate of complete gasification in front of the tuyeres of a 
blast furnace under standard conditions of blast temperature and of 
blast volume.” That modification means that there is to be a certain 
place for the combustibility of the coke, which is in front of the tuyeres 


* Assistant to Vice-president, American Rolling Mill Co. 
’’ Bureau of Mines Ser. No. 2524 (September, 1923) 4 



234 EFFECT OF COKE COMBUSTIBILITY ON STOCK DESCENT 


of a blast furnace, and it is under standard conditions of blast temperature 
and of blast volume. 

There are now no accepted standards of blast temperature and blast 
volume, but there must be before we can properly measure the combusti- 
bility of coke. At the bottom of p. 228, the authors say, “In Fig. 2, it 
has been imagined that the coke is burned almost instantly at the nose of 
the tuyere; that is, the coke is supposed to be highly combustible/' 
That figure is one of the most important diagrams of blast-furnace practice. 
It shows exactly what takes place in the blast furnace, as far as I have 
been able to find out in this last year. 

Just a year ago, when discussing a paper, I said that certain things 
could not be found out until some blast-furnace man blew off the top of 
his furnace. Within ten weeks, I was called to a blast furnace where the 
top had actually been blown off, and I looked into the interior of that 
furnace with the idea of getting the answer to this question of coke 
combustibility, and also as to where the iron ore is reduced and by 
what means. 

The authors say that the coke is burned at the nose of the tuyere and 
that it is burned almost instantly; that is, the coke is supposed to 
be highly combustible. Perrott and Kinney® have found that coke is 
completely burned to CO within a comparatively short distance of the 
nose of the tuyere; they have proved that the distance varies only a few 
inches, and is between 36 and 42 inches. 

Mr. Kinney conducted some experiments at the Columbus blast 
furnaces of The American Rolling Mill Co. last May, under full blast and 
also when the blowing engines were just turning over. The experiments 
and the analysis of the gas bore out the deductions of Perrott and Kinney 
at other furnaces, that the coke has been completely burned to CO within 
less than 40 inches. 

My proposition is the modification of the Brassert definition so that 
coke combustibility is the speed of the coke passing from the point where 
it enters as solid coke to where it comes from the other end of the 
combustion zone completely gasified to CO. 

The authors say that there is no hope for a coke-oven man to change 
the combustibility of the coke because they have found that this area is 
about the same in all blast furnaces. They might as well say that the 
speed of an automobile depends on how far it travels without any refer- 
ence to how fast it gets across that distance. In other words, they 
say that this zone (shown in Fig. 1), which is unimportant in size 
when compared with the whole furnace, does not have anything 
to do with combustibility because this zone is about the same in all 
blast furnaces. 


® Combustion of Coke in Blast-furnace Hearth. Tram, (1023) 69, 543. 
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To find out what takes place when there is a very slow blast we ran the 
blowing engines just turning over after a cast and Mr. Kinney took 
samples of the gas across the whole area. He found that it took a little 
bit greater distance for the coke to be completely gasified to CO. With 
full blast, the CO 2 was practically all gone 30 in. from the tuyere, but with 
1 lb. blast pressure, it was 40 in. from the tuyere before the CO 2 was 
practically all gone. If we had continued to blow that furnace on such 
low blast, in a short time the furnace would have been completely ^^stuck 
up;’’ that is why this combustion area in a well-regulated furnace will be 
nearly always the same. 

Fig. 2, which shows very small combustion zones and the steep lines 
of descent along the bosh walls, is the nearest of all of the diagrams to 
what actually takes place in the blast furnace. It shows almost exactly 
the condition that I found inside the furnace that blew off its top: only I 
found out what had happened when this condition could not take place. 
The authors speak of “a cone of stationary coke in the middle of the 
furnace;” a friend of mine speaks of a big cone of cyanides in the middle 
of the furnace, I do not agree with either of them. The coke comes 
down along the walls, and by the time it gets through the combustion 
zone it is completely in the form of a gas. Several years ago, to find 
out the blast pressure at the center of the furnace, I had a pip® 
driven by hand into the center of the furnace®; it was so soft in there 
that the pipe was easily pushed clear to the center of the hearth. It is 
inconceivable to think that coke would come down against that ascending 
stream of hot gases; the coke must come down along the walls. 

The furnace that had blown off its top was a 76-ft. furnace and it 
blew out everything down to 34 ft. below the top. At 40 ft. down, 
there was a ring scaffold that left a hole only 8 ft. in diameter; that 
scaffold was composed entirely of iron sponge, coke, and coke breeze. 
The trouble had started with a bad quality coke that was not screened, 
and all the coke breeze had been filled into the furnace. The coke was 
blocky and in some cases there were chunks 12 in. cubed; it ground up 
easily. It was soft in places and easily went into coke breeze. This 
scaffold formed down along the walls to below the bosh, where the iron 
was in a regular funnel that was all the way around the furnace and about 
3 ft. from the wall on one side and 1 ft. from the wall on the other. 
Between this funnel of iron and the brick of the bosh walls was the 
ground-up coke, coke breeze, and some lumps of coke. 

Pieces of the iron scab taken along on the wall were very low in 
carbon but very high in sulfur, bearing out the paper that was read here 
last year about the iron sponge absorbing the suKur from the coke; we 
found it was very high in sulfur. There was very little manganese and 

•Blast Pressure at the Tuyeres and Inside the Furnace. Tram, (1909) 40^. 247. 
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very little phosphorus in the iron. Around the tuyeres, there was a 
great deal of spongy iron that was of about the same analysis. 

A '^slip” in the furnace is caused by some interruption in the regular 
flow of fuel down along the walls, and it is necessary for the fuel to go 
down through the opening that is left by the ring scaffold; after the coke 
that passes through that ring into the hearth is burned, the pressure goes 
up again and the furnace man has to slacken the blast to let more of the 
charge go down through the center. 

Perrott and Kinney have plainly shown that the size of the com- 
bustion zone is a small part of the cubical contents of a blast furnace; 
the authors agree with them and so do I. But the first sentence of this 
paper says, “Stock descent in the blast furnace is affected by the size of 
the combustion zone which varies inversely with coke combustibility.'' 
I do not think that the authors mean that at all, for on p. 228, they 
say that when the coke burns almost instantly the stock moves faster, 
and they speak of a rapidly burning coke as a highly combustible coke. 
So I would change that definition of combustibility to mean the rate 
of the coke in passing from the nose of the tuyere to the end of the 
combustion zone. 

T. L. Joseph. — Mr. Sweetser has defined combustibility of coke as 
the progressive rate of the combustion reactions that take place in the 
localized zones near the tuyeres under standard conditions of blast 
volume and blast temperature. The rate of the combustion reactions, 
as expressed in pounds of fuel burned per minute, depends primarily on 
the rate of air supply. If the blast volume remains the same, the rate of 
gasification in these localized zones near the tuyeres will also remain the 
same. If the wind is increased 20 per cent, on a furnace using coke of 
uniform composition, the rate of combustion will also be increased 20 per 
cent. Combustibility, if defined in terms of the rate of the combustion 
reactions, varies with the rate of air supply and not with the properties 
of the coke. 

Combustibility, to my mind, refers to those properties of coke that 
determine the relative speed with which the oxygon atoms of the blast 
combine with the carbon of the coke. With a slow-burning coke, the 
oxygen will penetrate farther into the furnace before it combines with the 
coke. The gas analyses reported by Perrott and Kinney show, however, 
that the gases leaving the combustion zone in the blast furnace contain 
about 35 per cent. CO and 65 per cent. N 2 . Under these conditions, a 
definite weight of oxygen will combine with a fixed weight of carbon* 

Differences in combustibility can be measured by the space required 
to complete the combustion reactions. Fast-burning coke will bo 
consumed in a restricted area and the rate of gasification per unit volume 
of combustion zone will be large. A slow-burning coke will bo consumed 
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in a larger area and the rate of gasification per unit volume of combustion 
zone will be smaller. It is essential, in defining combustibility, to do so 
in such a way as to relate it to the size of combustion zone, which changes 
with the character of the fuel. I agree with Perrott and Kinney who have 
defined combustibility as the mean rate of gasification per unit volume 
of the combustion zone. 

I cannot agree with Mr. Sweetser's interpretation of the central 
portion of the furnace. If the gases from the combustion zone (about 
35 per cent. CO and 65 per cent. N 2 ) pass freely through this part of the 
furnace, it is diflSicult to understand how the gases withdrawn could 
contain as much as 75 per cent. CO. 

Ralph H. Sweetsee. — Every blast-furnace man knows that a certain 
volume of blast is necessary to make his furnace work properly, and that 
if too much wind is blown into the furnace, the furnace will be over- 
blown. Some open-hearth men will say they know that blast-furnace 
men do that, and that they will put oxygen into the pig iron. But it is 
impossible to have a blast furnace working properly if too much wind is 
blown into it, so that there must be a proper relation between the volume 
of the blast and the kind of coke that you are using. 

During the War, when we had a very incombustible coke, we were 
obhged to cut down the volume of blast to about two-thirds of the 
nornial volume, in order to get the furnace to drive. We could not 
handle the furnace any other way. Why? The coke was so hard that 
it would not burn properly before the tuyeres. It was blocky and 
high in ash; and as it was necessary to have so limy a slag there was an 
excess of lime above the tuyeres which united with the silica and alumina 
released by the burning of the coke at the tuyeres. This lime could not 
unite with the coke ash until the coke was burned. The coke would 
not burn under ordinary conditions; therefore, the combination between 
the volume of the blast and the combustibility of coke has to be found 
in each blast furnace. 

Richard Franciiot, Washington, D. C. — To say that variation in the 
behavior of coke in the blast furnace is due to slow or fast burning is 
simply arriving at a conclusion by definition. This is particularly danger- 
ous when the evidence is all against the conclusion. Since the presenta- 
tion of Perrott and Kinney's paper last year, we are fairly safe in thinking 
that whatever causes the differences in coke behavior they are not 
caused by differences in the rate of burning before the tuyeres. The fur- 
nace acts differently with different cokes. To find out what it is in the 
coke that underlies this difference in action, it will be necessary to 
understand how any coke acts in the furnace. What are the factors that 
limit the burden-carrying capacity of the coke ? This is a thermodynamic 
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problem, solution of which is not to be found in the literature of the blast 
furnace in any terms approaching mathematical precision. The out- 
standing fact of furnace practice, the fact that the burden is limited to 
less than hah that which is indicated by the calorific value of the coke 
and the blast, has yet to be explained. And until the thermodynamic 
action of the coke in the furnace is satisfactorily accounted for, there will 
be difficulty in coming to valid conclusions as to why one coke works 
better than another. 

Sidney Cornell, New York, N. Y. — There are two rather important 
papers, not written by blast-furnace men, that should be taken cogni- 
zance of; one is ''Combustion in Fuel Beds” by Kreisger and others, 
and the other is by Sherman and Blizard.^® These papers are in connec- 
tion with combustion of coal, but my observation is that in the blast 
furnace the gases formed have a dampening effect on the combustibility 
of the coke. These gases will run 13 per cent. CO 2 at the top, gases 
formed in a boiler will run 16 per cent, CO 2 . What is the dampening 
effect by formation of CO 2 ? It may be 3 per cent, at the tuyeres; that 
is the subject these gas men should study when they make their analysis. 

Ralph H. Sweetser. — The authors have said that the coke-oven 
men cannot change the combustibility. I have a double job with The 
American Rolling Mill Co. — I am located at one of the blast-furnace 
plants and I am also one of the officials in the byproduct coke company, 
which is located in another city. If the furnace is working all right, the 
blast-furnace men are contented. If it is not working all right, they at 
once want the coke-oven man to change the combustibility of the coke. 
The authors have said the coke-oven man cannot do it, but it has been 
done. The coke-oven men have some control over the combustibility 
of their coke. 


Combustion of Blast-furnace Cokes m Fuel Bods. Trans, (1923) 69, i32G. 
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Use of Sodium Picrate in Revealing Dendritic Segregation 

in Iron Alloys 

Bt Aubert Sauvextb, S. D., and V. N. EjiivoBOK, Met. E., CAMBBiDaB, Mass. 

(New York Meeting, February, 1024) 

Iron, like other metals, solidifies through the formation of dendritic 
crystals; iron alloys forming solid solutions, like other solid solutions, 
solidify likewise through the formation of dendritic crystals. The alloy- 
ing elements or impurities as well as the inclusions segregate generally 
in the interstices, or fillings, between the axes and branches of the 
dendrites; that is, in the portions last to solidify. This results in den- 
dritic segregation or heterogeneity, which is generally persistent and 
makes possible the revelation of the dendritic crystallization of the metal 
through the selective action of a suitable etching reagent. ^ For this 
purpose, a cupric solution, such as Le Chatelier^s, is generally used, 
copper being deposited on the pure, or relatively pure, ferrite present in 
the axes while the fillings remain free, or relatively free, from copper 
deposition. The dendritic stnicture, formed on solidification in a 
steel containing 0.50 per cent, carbon, 0.37 per cent, manganese, 0.12 
per cent, silicon, 0.07 per cent, sulfur, and 0.035 per cent, phosphorus 
is shown, after treatment with Le Chatelier reagent, in Fig. 1 under a 
magnification of 8 diameters. 

Commercial steel always contains inclusions of manganese sulfide, 
which arc located in the fillings of the dendrites. Comstock has shown 
that boiling sodium picrate imparts a dark coloration to these inclusions. 
We find that this reagent likewise reveals dendritic segregations in com- 
mercial steel, as shown in Fig. 2, under a magnification of 8 diameters, 
which represents the same spot as that shown in Fig. 1. The fillings 
have boon darkened while the axes remain white, the action being, there- 
fore, the reverse of that of cupric reagents. On closer examination, under 
higher magnification (Fig. 3) it is found that the picrate blackens the 
small particles of manganese sulfide, that these are frequently surrounded 
by a rim of white, or relatively white, ferrite, and that both the ferrite 


^ Tho formation of demdritos resulting in permanent dendritic segregation and its 
detection has been described at some lengths by one of the authors — Albert Sauveur: 
Crystallization of Iron and its Alloys. Trans. Am. Soc. for Steel Treating (1913) 4, 12. 
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Fia. 2 . — Samis spot as that sho-wn in Fia . 1 etched with BoiLiNa sodium picratb; 
VERTICAL illumination. X 8. 
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FiQ. 3. — CoMMBBCIAL HYPOEUTECTOID STEEL ETCHED WITH BOILINCJ SODIUM I’lOKATE. 

iX 100. 
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Fio. 4. — IIyi>OB0T£lOTOID COMMEItOIAL STHBL ETCHED WITH BOlIiINfl SODIUM PICRATE. 

X 760. 
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Rg. 6.— EuTBCTOID STEEL ETCHED WITH BOIUNG SODIUM PICBATE. X 1000. 
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and the cementite in the pearlite surrounding the ferrite rims are black- 
ened by the picrate. This results in a solid black appearance, under 
low magnifications, being imparted by sodium' picrate to the fillings, 
sharply differentiating them from the white axes (Fig. 2). If the minute 
particles of manganese sulfide only were darkened by the picrate, dendritic 
segregation could not generally be revealed by this reagent. The mecha- 
nism of the action of picrate is shown under higher magnification, in Fig. 4. 
The darkening by picrate of the pearlite surrounding manganese-sulfide 
inclusions is further illustrated in Fig. 5, in the case of a eutectoid steel. 
The absence of free ferrite in this steel may account for the absence of 
of ferrite rims surrounding the inclusions. 

In Figs. 6, 7, and 8, the same spot in a hypoeutectoid steel has been 
photographed under a magnification of 100 diameters, respectively 
unetched, etched with nitric acid, and etched with sodium picrate. It 
is to bo noted that etching with nitric acid leaves the inclusions sur- 
rounded by uncolored ferrite, while the pearlite is uniformly colored, 
there being no selective action between the pearlite in the fiUings and the 
pearlite in the axes, hence no revelation of dendritic structure. 

Etching with sodium picrate, on the contrary, causes the pearlite 
surrounding the inclusions and their ferrite rims, that is the pearlite 
in the fillings, to be colored dark while the pearlite in the axes remains 
uncolorcd, resulting in the revelation of a dendritic crystallization 
(Fig. 2). 

The possibility of revealing persistent dendritic segregation in ordi- 
nary commercial steel by the use of sodium picrate seems to depend, there- 
fore, on the presence of manganese-sulfide inclusions and hence of both 
manganese and sulfur in the steel. To verify the correctness of this 
conclusion, a steel free from manganese and sulfur was prepared by 
molting electrolytic iron with sugar charcoal; it contained 0.36 per cent, 
carbon. Dendritic segregation was revealed by etching with the cupric 
reagent (Fig. 9), while treatment with sodium picrate failed to disclose it. 

A pure alloy of iron and manganese was also prepared; it was found 
that neither treatment with the cupric reagent nor with sodium picrate 
resulted in bringing out a dendritic structure, from which it may be 
concluded that manganese alone does not cause persistent dendritic 
segregation or that, if segregation is caused, it cannot be revealed by 
the reagents employed. 

Etching, with sodium picrate, cast manganese steel containing about 
12 per cent, manganese and 1 per cent, carbon brings out clearly the 
existence of persistent dendritic segregation (Fig. 10). As is usual with 
manganese steel, the dendrites formed on solidification are comparatively 
very small and a considerably higher magnification is generally required 
to reveal them. Fig. 10 is magnified 50 diameters. The fillings have 
been darkened while the axes remain light in color. We believe the 
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Fia. 6. — Same spot hypoeutectoid steel as that shown in Fioh. 7 and 8, 

UNETCHED. X 100. 
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Fig. 7. — Same rpot hypoeutectoid steel as that shown in Figs. 6 and 8, etched 

WITH NITRIC ACID. X 100. 
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Fig. 9. — ^EtiECaROLYTic iron and sugar charcoal melted in taouum; carbon 0.36 

BRR CENT.; ETCHED WITH LeCH ATELIER REAGENT; OBLIQUE ILLUMINATION. X 4. 
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Fig. 10. — Manganbse steel, etched with doilii^g sodium lucrtATW. 


X 50. 
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darkening of the fillings to be due chiefly to the action of the picrate 
reagent on the free carbides, which necessarily have segregated in the 
fillings, rather than to the presence of manganese-sulfide inclusions. 

Summing up : boiling sodium picrate has been found a useful reagent 
in disclosing persistent dendritic segregation in commercial steel. The 
mechanism of the action has been explained. It also reveals persistent 
dendritic segregation in cast manganese (austenitic) steel. 

DISCUSSION 

George F. Comstock, Niagara Falls, N. Y. (written discussion). — 
The authors have shown some interesting instances where etching with 
the sodium picrate reagent was successful in giving a clear picture of the 
distribution of certain impurities in steel. They do not seem to have 
shown, however, that this method is any better than the methods of 
etching with cupric-chloride reagents, as developed by Stead and Le 
Chatclier. Stead, for instance, proved that his reagent differentiated 
between parts of a steel specimen that were comparatively pure and other 
parts more contaminated by the segregation of phosphorus and other 
impurities in solid solution. The authors have not demonstrated any 
such action by the reagent they advocate, and indeed seem to admit that 
it docs not act in this way. It attacks the sulfide inclusions and darkens 
the steel around them, thus showing, not dendritic segregation in general, 
but merely the sulfide distribution. As a macrographic reagent for this 
purpose, the method is undoubtedly of value, in cases where suKur print- 
ing is not desirable. 

The writer has often noticed the darkening or corrosive action of the 
boiling alkaline sodium picrate on the steel surrounding the sulfide 
inclusions that were eaten away by this etching, but has considered it a 
disadvantage of the method, which should be avoided as far as possible. 
The authors, however, have shown how* this action may be made use of. 
It would be interesting to know if they consider the action anything more 
than a pitting effect, or corrosion, possibly electrochemical, due to the 
contact between sulfide and steel where the inclusions are present. The 
authors should state how long they boil their specimens in the reagent 
to obtain such clear results as are shown in Figs. 2 and 8. 

In our laboratory, very little trouble has been experienced in showing 
dendritic segregation by means of Stead's reagent, which has been found 
entirely satisfactory for this purpose. It is made up by dissolving 1 gm. 
cupric chloride ancl 4 gm. magnesium chloride in 20 c.c. water and 1 c.c. 
concentrated hydrochloric acid, and then adding 100 c.c. absolute alcohol. 
Etching with this reagent takes about a minute and it does not require 
heating. Its effect may be made more contrasty by continuing the 
application until an appreciable film of copper is deposited, and then 
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wiping off tlie copper with a piece of cotton soaked in ammonia. This 
method is particularly useful for magnifications around 20 or 50 diameters. 
Humfrey's method- of macro-etching” with copper-ammonium chloride 
solutions of varied acidity also gives excellent results for very low magnifi- 
cations. It does not appear from the paper that the method advocated 
by the authors is any improvement over these older methods for revealing 
dendritic segregation in steel. 

John H. Hall, Highbridge, N. J. (written discussion). — Probably no 
subject is of greater interest to metallographists than that of dendritic 
segregation and the work of the authors is most welcome in shedding 
additional light on this important subject. The simple method of reveal- 
ing dendritic segregation described in this paper will be of the greatest 
value to all of us and the sample of manganese steel shown in Fig. 10 is 
of particular interest to myself. 

It is not clear to me just what, in the authors’ opinion, causes the 
darkening of the pearlite in ordinary carbon steel surrounding the inclu- 
sions of manganese sulfide or the free ferrite, as the case may be. In a 
general way, it seems to be indicated that the carbon in the darkened 
portions is somewhat higher than in those portions of the pearlite that 
are not blackened by the sodium picrate. 

In the case of the manganese steel shown in Fig. 10, the heat treatment 
that this sample has received is not indicated; a micrograph of the same 
sample etched with nitric acid would have been of value and interest as 
it would indicate the presence or absence of what we usually understand 
as free carbide in the microstructure. We have, in our records, many 
specimens of cast manganese steel, either in the cast state or not, so 
treated as to cause the free carbide to be absorbed in the austenite ground- 
mass, which show a pronounced dendritic arrangement of the free carbide. 
In samples of this steel, however, that have been heated to about 1060® 
and quenched in water, free carbide is not present in the microstructure, 
as revealed by nitric acid etching, the structure consisting simply of 
crystals or grains of austenite. We have long noticed indications of non- 
uniformity in these austenite crystals, which are diflScult to describe in 
words. Within the last year Professor Sauveur’s papers on dendritic segre- 
gation have drawn our attention to this subject and we have begun some 
investigations, which as yet are not far enough advanced to justify us in 
drawing any conclusions. Our opinion, however, is that when dendritic 
segregation is found in a sample of manganese steel that shows simply 
austenite crystals on etching with nitric acid, the dendrites are due to the 
fact that the carbon has not been uniformly diffused in the austenite 
before quenching the steel to fix the austenitic condition. In particular, 

» Iron and Steel Inst. Jnl, (1919) 99, 273. 
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we do not believe that phosphorus is responsible for it, as we found no 
traces of dendritic segregation in a sample of manganese steel specially 
prepared containing about 0,275 per cent, phosphorus. 

We have a sample of manganese steel made by the thermit process 
containing about 10 per cent, manganese and 0.80 per cent, carbon, which 
has been heated to about 1000® C. and quenched in water. After nitric- 
acid etching, it shows simply pure austenite crystals, which, of course, 
are very large owing to the high temperature at which the metal was 
poured. After etching with suitable reagents, this sample shows dendri- 
tic segregation on so large a scale that it is best observed with an ordinary 
magnifying glass rather than with the microscope. 

The existence and persistence of dendritic segregation in many 
samples of steel has been shown often enough to convince us all that 
we should go into the subject very thoroughly. What seems to be lack- 
ing so far is convincing data to show the effect of dendritic segregation on 
the physical properties of the metal. To my mind, most of the efforts 
so far made in this line have not definitely proved the relation between 
dendritic segregation and physical properties, and I personally hope 
that Professor Sauveur will, in the next few years, contribute information 
along this line. 
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Micrographic Detection of Carbides in Ferrous Alloys 

By Nokman B. Pilling,*^ East Pittsburgh, Pa. 

(New York Meeting, February, 1924) 

The technical difficulties hampering the metallographic analysis of 
silicon steels are chiefly the result of the extreme corrodibility of these 
alloys. The addition of silicon to iron in increasing quantities, up to 
about 6 per cent., rapidly increases the susceptibility of the alloy to 
chemical attack, not only in acid solution, but in water. This renders 
the preparation of metallographic sections very difficult,, because of a 
non-selective attack upon the finely polished surface by the water used 
as a lubricant in polishing. This water attack masks the true structural 
details revealed by suitable etching reagents. It is thus necessary to 
use alcohol as a polishing lubricant in the last stages of preparation and 
to avoid aU etching reagents having an aqueous base. 

A specific reagent for the identification of iron carbide in ferrous alloys, 
and the one hitherto used almost exclusively by metallurgists, is an 
alkaline aqueous solution of sodium picrate, which stains this constituent 
selectively. Its application to silicon steels has not proved successful, 
as its distinctive selective action is more or less completely hidden by the 
general attack of the aqueous solvent on the silico-ferrite, greatly accentu- 
ated by the fact that this reagent must be used at its boiling temperature 
(105® C.). Thus, a powerful metallographic aid to the study of the 
higher silicon alloys, such as transformer steels, is lost. A new reagent 
has been developed for the purpose of overcoming this difficulty. It is 
with some hesitation that the list of etching reagents, already over- 
burdened, is increased, but the properties of this new reagent are 
advantageous in several ways and a definite field for it may be found in 
the metallography of ferrous alloys. 

The reagent consists of a dilute solution of nitric acid and methyl 
alcohol in nitrobenzol. It is a great advantage to secure an anhydrous 
solution, as a tendency toward acidic etching has been traced to small 
amounts of water. A convenient method of preparation is to make an 
anhydrous stock solution of nitric acid in methyl alcohol in the proportion 
20 per cent, acid by weight (12.5 per cent, by volume). The alcohol can 


* Metallurgist, Westin^ouse Elec. & Mfg. Co. 
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( a ) Etched with alcoholic nitric acid. 



(6) Etched with nitrobenzol reagent. 



(c) Etoubd with sodium picrate. 

Fig. 1.— Low-carbon iron, C = 0.015 Fig. 2, — 3.6 per cent, silicon steel, 
PER CB3SPr. X 100, C - 0.016 per cent. X 100. 
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be dehydrated sujBBiciently by distillation over quicklime. Anhydrous 
acid can be prepared by distillation from a mixture of dry NaNOs in 
concentrated sulfuric acid, but fuming nitric acid does as well. The 
etching reagent is then made by adding 40 drops of this solution to 50 



(a) Etched withJ^alcoholic nitric acid, (b) Etched with nitrobenzol reagent. 
Fia.^S. — M artensitic carbon steel. X 100. 



(a) X 100. (6) X 1000. 

Fig. 4. — Carbidic martensite, etched with nitrobenzol reagent. 


c.c. nitrobenzol. Stored in dark-colored bottles, it will keep for several 
months. Etching is accomplished by simple immersion in the fluid; 
about 20 seconds action is required for the strength of solution given. 
At the same time a thin, very tenacious film of an insoluble organic iron 
compound is deposited over the entire surface; after rinsing in alcohol, 
this can be removed by swabbing with concentrated sodium-hydroxide 
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solution. The sodium hydroxide is, in turn, removed by rinsing with 
either alcohol or water, as the properties of the alloy demand. 

The characteristic action of this reagent is a selective attack upon 
structurally free iron carbide, leaving the matrix (ferrite, martensite, or 
austenite) unattacked. It differs from sodium picrate in that the carbide 



(a) Etchjbu with alcoholic nitric acid, ( h ) Etched with nitrobfjnzol reagent. 
Fig. 5 — Austenitic manoanesb steel. X 100. 



(a) Etched with alcoholic nitric acid, (6) Etched with nitrobbnzol reagent. 
Fig. 0. — Malleablbized cast iron. X 100. 


is etched without persistent and deep-seated staining and the operation 
is conducted in a cold solution. 

The use of the nitrobenzol reagent is illustrated in the accompanying 
photomicrographs. Fig. 1 shows a pure iron-carbon aUoy and Fig. 2 a 
pure iron-carbon-silicon alloy, both of which contain 0.015 per cent. 

VOL. LXX. 17 
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carbon. This carbon is present as minute films of carbide forming partial 
envelopes around the ferrite grains. Figs. 1(a) and 2(a) show these two 
alloys etched with an alcohol solution of nitric acid (10 per cent.) and 
are typical examples of the structural resolution afforded by acid-etching 
reagents. The characteristic of this t 3 ^pe of etching is differentiation of 
the crystalline grains and the presence of minute quantities of a second 
phase at the intercr 3 ^stalline zone ma 3 " be almost wholly masked by the 
superimposed development of grain boundaries. The uniformly dotted 
appearance of the interior of the grains in the siUcon-steel photomicro- 
graph [Fig. 2(a)] is due to an incipient water attack caused by the small 
amount of water associated with acid. Figs. 1(b) and 2(6) are the same 
alloys etched with the new nitrobenzol reagent; in this case, the graii\ 
detail is entirely absent and the presence of the carbide films is shown with 
emphasis. Figs. 1(c) and 2(c) are the same two alloys etched with alka- 
line sodium picrate. The identification of the constituent in the iron- 
carbon alloy revealed by the nitrobenzol reagent is now confirmed by 
its analogous reaction with sodium picrate [Figs. 1(6) and (c)]. The 
failure of the silicon steel to respond satisfactorily to this reagent is 
shown in Fig. 2(c); the whole metallic surface has been attacked and 
evidence of the presence of carbides is lost in a maze of spurious detail. 

Several classes of carbide-bearing alloys, etched comparatively with 
alcoholic nitric acid and nitrobenzol reagent are shown in Figs. 3 to 6. 
Figs. 3(a) and (6) were taken from a high-carbon martensitic steel 
containing a very small amount of troostite and free from coalesced 
carbide. Troostite etches darkly, but not so intensely as with acid rea- 
gents. Martensite seems not to be entirely inert, but etches extremely 
slowly. In (6) traces of troostite are indicated at the boundaries 
of the polyhedral grains. Fig. 4(a) shows a dark etching martensite 
(with massive carbide) which proves, under high magnification, to contain 
a host of highly dispersed carbide particles, Fig. 4(6). 

Figs. 6(a) and (6) represent an austenitic manganese steel of the type 
used in making military helmets. The banded appearance brought out by 
the acid etch is due to segregation of manganese in solid solution; the 
nitrobenzol etch ignores this condition and discloses the carbide net- 
work exclusively. 

Figs. 6(a) and (6) were taken from a malleableized-iron casting and 
show the possibility of detecting, micrographically, veiy small amounts 
of combined carbon in the presence of a large total carbon content. This 
would have been very difficult with sodium picrate, as the darkly stained 
carbides would have been indistinguishable from the many flecks of 
temper carbon. 
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Simulating Natural Light in Metallography 

By H. S. Geoegb,”’ Met. E., Long Island City, N. Y. 

(New Yoik Meeting, February, 1924) 

On one occasion when it seemed desirable to reveal under the micro- 
scope not only the metallic structure of an alloy, but certain small non- 
metallic inclusions that are ordinarily obliterated by etching, it was 
discovered that, by partly eclipsing the illuminating pencil of light rays, 
the residual light was thrown on the object from one side and the structure 
was brought out in relief. At the same time, the non-metallic inclusions 
were retained in clear view. 

In this first demonstration of lighting obliquely through the objective 
a card was thiust pai*t way into the light beam between the arc iris and 
the light filter; the shadow of the card on the filter seiwed to locate its 
position. Next several stiff-paper disks of various diameters were mounted 
on flexible wires; some plasticine on the other end of the wires made it 
easy to adjust and maintain a disk at any desired position in the light 
beam. To facilitate manipulation, an assoi-tment of disks was mounted 
on a wheel, as shown in Fig. 1. 

The purpose of partly eclipsing the light beam was discussed in an 
earlier paper, ^ There it was pointed out that the usual methods of 
illuminating opaque objects for microscopic examination lend an un- 
natural appearance to the view, while the new method, which has been 
termed conical illumination, revels the tme relationship of constituents 
by simulating natural lighting. 

In nature, all objects are lighted diffusely, or by light predominating 
from one direction, or by a combination of diffuse and directed light. 
Under these conditions, ol)jccts appear to have three dimensions — ^they 
possess relief. The kind of illumination known to metallographists as 
vertical or axial results in an unnatural appearance, as a large proportion 
of the illuminating rays arc parallel to the line connecting the eye with 
the object, a condition almost never met in nature. Microconstituents 

• Metallurgist, Union Carbide & Ciirbon Research Laboratory. 

S. George: Conical Illumination in Metallography. Trans. Am. Soc. for 
Steel Treating (1923) 4, 140. 
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that really stand in relief^ or are depressed, seem to be flat because of 
this unnatural lighting, which produces no high lights or shadows. The 
result is that the metallographist interprets appearances as best he can. 

The characteristic representation of etching pits in the textbooks is 
an example of erroneous interpretation — ^the little triangles and squares 
are shown in outline as they appear under the microscope and are 
assumed to be pits that have been etched out. The writer recently 
examined, under conical illumination, a specimen of Armco iron, after 



Fia. 1. — ^Device for obtaining conical illumination. 


etching, and was surprised to see that the pits were really pyramids; 
this is shown in Figs. 2 to 5. In these, the disk was manipulated so 
as to light the fleld from four directions in turn, the position of the 
disk being referred to as at 12 o^clock, 3 o'clock, etc. This method of de- 
noting the position of the disk will be explained later. The direction of 
lighting is indicated in each case, thus showing definitely that the cor- 
ners of the cubic units composing the grain actually project. If any or all 
of these views give the impression of being pits, this is an optical illusion 
that may be destroyed by a process of reasoning with the known direction 
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of lighting as a basis. This illusion, which sometimes presents itself 
in views lighted by conical illumination, was discussed at some length 
in the previous article. It should be constantly watched for and 
guarded against. 



Fig. 2. — ^Photomicbograph op Armco iron under conicad illumination, 

SHOWS THAT ETCHING PITS ABB REALLY PYRAMIDS,’ LIGHT IS PROM LEFT ^O RIGHT. 

X 2000. 


It has been stated that so-called ‘‘vertical” or “axial” illumination 
produces unnatural effects. The terms vertical and axial convey an 
incorrect idea of the nature of the light pencil. The bimdle of rays, 
especially in that section of the pencil between the objective lens and 
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the object, really is conical in shape and only the one ray coinciding with 
the axis of the cone is actually vertical, or axial. The rest are oblique. 
Practically speaking, there is an inner bundle of rays sufficiently axial in 
character to be so considered and an enveloping bundle whose^limiting 



Fig. 3. — Same field as in Fig. 2, with light directed from above. 


obliquity is fixed by the numerical aperture of the objective. But the 
axial rays mask the effect of the oblique rays. Stopping out the axial 
rays by interposing an opaque disk in their path allows the outer rays 
full scope to produce natural effects. 

Fig. 6 illustrates, diagrammatically, the composite nature of so-called 
vertical or axial light. The diagram represents, in simplified form, an 
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inverted microscope with reflecting disk, prism, and eyepiece omitted. 
Fig. 7 indicates the method of producing conical illumination by stopping 
out the central portion of the beam, although in practice the interposed 
disk is set eccentrically to simulate natural light. Fig. 10, position 3, 
shows the shadow of the disk on the light filter in a typical working 



Fia. 4. — Same as Fxa. 2, wiTn light directed prom the right. 


position; all the central and most of the oblique rays on one side are 
eclipsed. The two' horns of the light crescent serve to produce the 
softening effect of diffused light, which is almost always present, to a 
certain extent, in nature in combination with a strong directed light. 
Considerable flexibility of lighting is attainable by manipulating the stop 
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and changing its size; in this ivay ahnost any deshed degree of contrast, 
shading, and relief can be brought out. 

The greater the power of the objective, that is, the larger its numerical 
aperature, the more oblique are the extreme rays in the enveloping 
zone and the more adapted it is to manipulation for bringing out any 



ria. 5 . — Samb as Fia. 2, with light dibiioteid fsou below. 


desired amount of relief. This does not mean that relief cannot be 
brought out with the lower power lenses. Resolving power and the 
ability to bring out natural relief are determined by the degree of obliq- 
uity in the cone of rays between the objective and object and, with a 
lens of sufficient power to delineate clearly a constituent, there is enough 
obliquity to bring out relief in that constituent — ^if it has relief. 
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In the preceding paper, little in the way of definite procedure was 
given. It is still too early to formulate a strict technique and what is 
given here should be considered as merely tentative. The writer has 
derived much satisfaction from the method and finds increasing use for it; 
in fact, all of his microscopic studies and photomicrographs are made with 
its aid, even on materials that show little or no relief. There would seem 
to be every reason to utilize a more natural method of illumination and 



Fig. 6. — Path of light in metallogbaphic microscope ttsinq vertical illumina- 
tion, SHOWING composite NATURE OF THE LIGHT PENCIL. 

the fact that no relief is manifested may have much significance, especially 
for purposes of record, as in photomicrographs. 

While the value of the method is more apparent in cases where there 
is relief, where the difference between photomicrographs taken with 
the two systems of illumination can be readily seen, it may be of vital 
significance to know that there is no relief rather than to wonder what 
the appearance would have been had conical light been utilized; for this 
reason the desirability of always photographing with conical light is 



Fig. 7. — Path of light in metallographic microscope using conical illumina- 
tion; AXIAL portion OF LIGHT PENCIL STOPPED OUT BY AN OPAQUE DISK. 

strongly emphasized. There does not seem to be the slightest reason why 
the method should not become universal for microscopic examination of 
opaque materials and the requirements of metallography, at least, argue 
strongly for a more natural method of lighting. 

Few, if any, metallographic surfaces are perfectly plane but it is 
necessary to use high powers to reveal surface inequalities in many cases. 
Some materials, however, show marked relief even at low powers. A 
good illustration of this is given, in Fig. 8, of a copper-chromium alloy. 
The hard dendrites of excess chromium have been polished in relief above 
the softer copper-rich matrix; Fig. 9 shows a portion of the same field 
under vertical illumination. 
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FlO. 8. — ^USB OP CONICAL ILLUMINATION IN LOTT-POTraiB WORK} COPPaB-OHROMIUM 

ALLOT (oast) unbtchbd; 16 MM. OBjnscTiTa; X 260. 




H. S. GEOEGE 


267 


Specific directions as to proper iris opening, size of spot, and degree 
and direction of eccentricity of spot cannot be given because these depend 
on the objective used, amount of relief present, shape and arrangement 
of constituents, and orientation of the specimen. Correct combinations 
are found by trial. The procedure may be as follows : 

A preliminary examination in the ordinary manner should be made, 
tentatively introducing a stop from time to time with each objective. 
Any relief present will be evident at once, in most instances. If it is 



Fig. 9 . — ^Portion op same fieu) shown in Fio. 4 , under axial illumination. 


desired to study this, the proper objective and eyepiece to give the desired 
magnification should be determined and then with the arc condenser iris 
almost wide open, introduce a or % in. diameter disk into the light 
beam between the iris and the light filter, as described. The shadow of 
the disk on the filter will assist in the manipulation. A good plan is to 
eclipse the light beam by slowly passing the disk through it, first verti- 
cally and then horizontally. Fig. 10 shows the light beam on the 
filter in eight positions as follows: Position 1, ordinary appearance, 
axial illumination; position 2, eclipse commencing, disk passing from 
top to bottom, no apparent effect optically; position 3, eclipse a little 
more than half complete, oblique light beginning to predominate from 
one direction and relief manifested in microconstituents: position 4, 
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eclipse almost complete and light becoming more oblique; position 5, 
eclipse has been completed and a few oblique rays are again illuminating 
the specimen but from the opposite direction; position 6, same as position 
3; position 7, equivalent to position 2, axial rays again coming into play 
and masking relief effect; position 8, passage complete. This procedure 
may be repeated with a horizontal movement of the disk, or along 
a diagonal. 

After finding the proper size of iris opening, size of disk, and degree of 
eccentricity, it is a good plan to rotate the disk about the optic axis and 
to note the effect of thus changing the direction of lighting. The wide- 
open iris and H-in, disk will meet most requirements, but some conditions 



5 6 7 cS 

Fig. 10. — Appearance op light beam on light filter as disk passes downward 

ACROSS THE ILLUMINATING BEAM. 

may demand a little experimenting with various combinations of openings 
and disks and it often takes some patience to determine a satisfactory' 
combination and position. Practice brings familiarity and facility, as it 
does with the mechanical stage and focusing. 

It will be found useful to adopt some scheme of reference so that 
any given combination of iris opening, stop diameter, and position can bo 
duplicated. One method is to note the angular position of the disk 
shadow on the filter and refer to it as at 12 o’clock, 3 o’clock, 9 o’clock, 
etc. The disk size can be referred to by number, the number designating 
the disk diameter in eighths of an inch. The extent to which the disk 
eclipses the beam need not be referred to, although it would perhaps be 
desirable to do so; but as there is usually a best position of disk, that is, 
degree of eclipse, this position may be readily duplicated. 

The need for knowing the direction at which light strikes the object 
has been referred to. A knowledge of the relationship between position 
of disk and direction of lighting is indispensable for intelligent work. 
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Without this information, it is impossible to tell, in the case of an un- 
known structure, whether the appearance is real or an illusion. An easy 
way of determining the direction of^ light is to select a field having two 
polishing scratches, which cross each other at right angles, and with 
their aid to note the direction of the light with the diskin several positions. 
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Fig. 11. — Direction op light at eyepiece and at ground glass fob various 

POSITIONS op the disk. 

The use of polishing scratches in this connection was illustrated in the 
previous paper. A simpler method is to push the disk somewhat nearer 
the center of the light beam than would ordinarily be done and thus 
cast a shadow on the field; the direction of light is then easily noted. 

This relationship for the Bausch & Lomb, inverted-type microscope 
used by the writer is shown in Fig. 11. Column 1 shows the position of 
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Fig. 12. — Iron-chromium-carbon allot casting (at’ surface) under conical 
illumination; etched. X 2000. 



Fig. 13. — Same material and magnification as in Fig. 12 but 0.02 in. below 

SURFACE OF OASTENQ. 
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Fig. 14, — Same as Fig. 12, except 0.04 in. below surface of casting; note use 
OF polishing scratches to indicate mineralogical hardness. 



Fig. [15. — Similar structure to that shown in Fig. 14, also under conical 
ILLUMINATION, BUT AT 1000 DIAMETERS. 
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the stop diagrammatically; column 2 indicates the direction in which 
light comes to the field, as seen on the ground glass (incidentally, this is 
the same for the negative or print if they are orientated correctly); 
column 3 gives the same information mth respect to the view as seen 
through the eyepiece. 

It has been shown that simulation of natural lighting by means of 
conical illumination admits of more accurate interpretation. More- 
over, as the following example will demonstrate, axial illumination may 
fail to reveal the presence of a constituent that is made clearly visible 
by the new method. An instance of this was afforded during an examina- 



Fig. 16 . — Same field and magnification as in Fig. 16 , but taken with axial 

ILLUMINATION, WHICH OBLITERATES ONE OF THE CONSTITUENTS. 

tion of an iron-chromium alloy, containing 25 per cent, of chromium and 1 
per cent, of carbon, in the cast condition. The polished surface was 
etched with cold Murakami^s reagent, which gave the carbides in the 
body of the casting a greenish tint but left uncolored the higher cai-bides 
situated close to the surface. 

Conical illumination was used to study the structure close to the 
surface, which corresponded to a chill, and to trace the gradual diminu- 
tion in hardness from the surface inward by means of the polishing 
scratches. These were entirely absent at the surface and increased in 
number and magnitude toward the center. This transition is shown in 
Figs. 12, 13, and 14. Fig. 12 shows the higher carbide at the surface; 
no scratches are visible. Fig. 13 shows the structure 0.02 in. below the 
surface with one or two scratches traversing an octahedral structure. 
Fig. 14 is typical of the main body of the casting below 0.04 in. from the 
surface. The carbides, shown in relief, are of a different character than 
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those on the surface and were originally colored, but this coloring was 
subsequently rubbed off. The relief shown is partly due to polishing 
and partly to etching. It will be noticed that the polishing scratches in 
Fig. 14 are niunerous; they do not, however, touch the hard carbide. 

Figs. 14 and 15 reveal the feature that is invisible under axial light; 
Fig. 15 shows the same structure, though not the same field as Fig. 14, 
after longer etching. The greenish tinge was not rubbed off and conse- 
quently the colored carbide photographs dark. Associated with this 
colored carbide is an uncolored constituent, probably a carbide; it is 
barely discernible in Fig. 14 on account of the shorter etch. It was 
noticed that polishing scratches frequently cut the uncolored carbide but 
never the colored harder carbide. The fact that some scratches were 
interrupted by the uncolored carbide indicate it to be somewhat harder 
than the matrix but softer than the colored constituent. Fig. 16 shows 
the same field as Fig. 15 but under axial illumination. The uncolored 
constituent, which is brought out by conical illumination in Fig. 15, is 
rendered invisible in Fig. 16 by the masking effect of axial light. 

High magnification was used in the foregoing example for the purpose 
of studying polishing scratches with relation to structure, and not struc- 
ture alone, for the latter can be easily seen under lower magnification. 
This example was chosen to illustrate the application of conical illumina- 
tion to metallography, particularly the utilization of polishing scratches 
for the interpretation of physical properties of microconstituents and 
to furnish a specific instance of increased revelation made possible by 
conical illumination. 
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Overstrain in Metals 

By Joseph Kate Wood, New York, N. Y. 

(New York Meeting, February, 1924) 

A METAL is said to be overstrained when it is deformed beyond the 
elastic limit at a temperature well below the critical range, as in cold work- 
ing. Quantitatively, overstrain might be considered as that part of the 
total elastic deformation of the piece of metal, left over after the external 
load is removed, that added to the permanent deformation due to plastic 
action will give the total permanent deformation. Ordinarily the effects 
of this phenomenon, which vary with the internal residual stress probably 
in accordance with Hooke's law, are more noticeable when the yield point 
of the metal is exceeded, but they probably also exist to a smaller degree 
when the load is just large enough to cause the least amount of perma- 
nent set. These effects, which we recognize as the result of overstrain, 
are as follows: 

1. An apparent increase of the elastic limit in tension and a decrease 
of the elastic limit in compression, provided the external load is tensile. 
The reverse is true when the load is compressive. 

2. An elastic after-effect in which time and temperature are important 
factors. 

3. A state of imperfect elasticity in which Hooke's straight line 
becomes slightly curved, giving rise to an hysteresis loop. 

4. In addition to the apparent increase in the elastic limit, such 
properties as the hardness, ultimate strength, and resistance to fatigue 
failure are increased, provided the overstraining has not been carried 
far enough to make the metal brittle. 

5. Correspondingly the ultimate elongation, reduction in area, 
magnetic quality, ratio of endurance limit (fatigue breaking stress) 
to elastic limit, and resistance to season cracking (in certain copper 
alloys) are decreased. 

The question naturally arises: how do these changes in the properties 
of a metal resulting from overstrain influence our method of design? 
The fact that most of the desirable qualities are increased makes over- 
straining a favorable process, from an engineering standpoint; but on the 
other hand, the loss of such qualities as perfect elasticity and complete 



JOSEPH KATE WOOD 


275 


elastic recovery (absence of elastic after-effect) may be a serious defect 
in certain cases. For example, spiral and helical springs used in delicate 
measuring instruments should not show any elastic after-effect, because 
it is required that the indicating needle shall be returned automatically 
to the zero reading, immediately after the impulse being measured is 
released. Another example is that of flat electrical contact springs which, 
after being assembled in ‘^pileups” of two or more springs, are usually 
adjusted by bending (overstraining) them just enough to obtain the 
proper air gap between the contacts attached to the free ends. This 
adjustment may change gradually in a few weeks or months, depend- 
ing on the kind of metal used, because of elastic after-effect. The elastic 
hysteresis effect, as pointed out by F. J. Schlink,^ is analogous to mechan- 
ical backlash; and although it is negligible in ordinary cases, it is quite 
appreciable in the case of measuring instruments. Brass parts, in par- 
ticular, are subject to season cracking when overstrained; while the 
magnetic quality of iron or steel is decreased. 

Defobmation op a Single Cbystal Gbain 

The quantities obtained when testing a tensile specimen are largely 
statistical in character, because of the different orientations of the crystal- 
lographic planes and the dispersion of hard among soft crystalline grains. 
This fact may be better understood by considering what takes place 
within the space lattice of a single crystal grain when loading and 
unloading the specimen and also developing the stress-strain diagram. 

The irregular polygonal shapes seen when an etched specimen is 
placed under the microscope will be referred to simply as “ grains'' while 
the fundamental unit of space lattice structure within these grains will be 
termed the ‘lattice unit." It is conceded by many authorities that a 
gi‘ain is deformed elastically up to the point where slipping along the 
crystallogi*aphic planes takes place. The grain is then said to jdeld 
plastically up to the breaking point, the slipping distance being called the 
permanent set. Fig. 2 shows the stress-strain diagram for the condition 
of loading shown in Fig. 1, which in (a) shows a single grain as a simple 
cube with the crystallographic or easy slip planes marked in dotted lines, 
while (6) shows this grain deformed elastically by the shearing couple E. 
The corresponding deformation 4 is shown plotted in Fig. 2. Plastic 
deformation seemingly obeys the law of the viscous flow of liquids, 
namely that the rate of deformation is directly proportional to the pres- 
sure. Consequently if just a small increment of load beyond E causes 
slip along the weakest slip plane, as shown in Fig. 1 (c), the curve in Fig. 
2 would continue as a horizontal line from the point 1. This theoretical 


1 The Study of Mechanical Hysteresis. Eng, News-Record (1918) 80, 1035. 
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stress-strain diagram would also represent the artificial structure shown in 
Fig. 3 under a similar condition of loading, in which a number of 
the same kind of granular cubes are placed together in such a way that the 
slip planes are continuous. We thus have two areas under the curve; 



Fig. 1. — ^Elastic plastic deformation op an ideal crystalline grain, 

GREATLY EXAGGERATED. 


area l-4r*5 representing the elastic energy and area l'-2-3-4 the plastic 
flow energy, the sum of the two l-2-3~4-5 representing the total resis- 
tance offered by the grain. This resistance is therefore the toughness of 
the grain; and although a certain grain may have a higher elastic limit and 



Fig. 2. — Ideal stress-strain dia- Fig. 3. — Ideal arrangement in 

GRAM for the DEFORMATION OP A THEORETICAL AGGREGATE OP CRYSTAL- 
SINGLE CRYSTALLINE GRAIN TIP TO THE LINE GRAINS. 

YIELD POINT. 



breaking strength than another grain it may not be as tough because of a 
much smaller plastic flow resistance. Line 2-6 shows the unloading of 
the grain and as it is, in general, parallel to line 1-5 we may consider the 
elastic energy 100 per cent, resilient, the areas 2-3-6 and 1-4-5 
being equal. 
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Now, suppose instead of stopping at just a small increment above the 
load E we continue to, say, load P, Fig. 4. The blocklets of the cube on 
either side of the slip plane will continue to deform elastically, provided 
slip does not occur along other slip planes. Even if slip has occurred 
along several slip planes, which is more likely to occur in an actual aggre- 
gate of gi’ains, the individual blocklets will be deformed elastically and 
the sum total of these deformations will be the same as if no slip had 
occurred on any of the planes. With increase of load above E, the elastic 
deformations take place simultaneously with the plastic deformations. 
Assuming a uniform rate of loading, the rate of plastic flow will not be 
constant along the line 1-2, as in Fig. 2, but will be uniformly accelerated 
because of the elastic transmission of the uniformly increasing loads 



Fig. 4. — Ideal stress-strain dia- 
gram FOR THE DEFORMATION OF A 
SINGLE CRYSTALLINE GRAIN BEYOND 
THE YIELD POINT. 



Fig. 5. — Stress-strain diagram 

FOR THE DEFORMATION OP AN AGGRE- 
GATE OF CRYSTALLINE GRAINS — OVER- 
STRAIN. 


through the blocklets. Fig. 1 (d) shows a grain deformed in this manner, 
the full lines con*esponding to the load E and the dotted lines to the load 
P. Of course when the load P is once reached and kept constant, the rate 
of plastic flow will also be constant, as was the case for the constant load 
E, but it will be greater than the rate for the latter load. To simplify the 
discussion, the stress-strain diagram is redrawn as shown in Fig. 4, in which 
is the same as shown in Fig. 2. The fact that the amount of 
elastic deformation in the grain is the same whether slip takes place or not, 
permits us to extend the clastic line from P to P temporarily, as shown by 
the dotted line 1-7. The lines drawn parallel to 1-2 divide the load 
increment P-P into four equal parts which, because of the uniform rate 
of loading, also divide the corresponding time interval into four equal 
parts. As a result of the accelerated plastic flow, the deformations 
con-esponding to the equal time intervals grow larger and larger; that is, 
Pjb will be the deformation corresponding to load E at the beginning of 
plastic flow, J?i that corresponding to the load Pi, p 2 to the load P 2 , vz 
to the load Ps, and p to the load P. Where the verticals erected at these 
deformations intersect their respective load lines, determine the continu- 
ation of the stress-strain diagram from the point 1. Thus is obtained the 
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fundamental shape of the stress-strain diagram based on a single grain 
and in it the general shape of the curves determined by actual tests can be 
recognized. 

Releasing all load results in 100 per cent, recovery of the elastic 
energy, that is, the unloading line 8-11 will be parallel to 7-1-6. The 
total elastic energy returned is represented by area 8-9-11 while the plas- 
tic energy not returned is 1-8-10-11-5. If the load causing plastic 
flow had been constant at P, instead of varying from E to P, the plastic 
energy would have been represented by the square area 7-8-9-12. 

Deformation op Aggregate of Crystal Grains 

In the case of a pure metal in the vapor state, the atoms or groups of 
atoms (molecules) that would be relatively far apart move at random 
with great velocity because of heat energy. Abstracting a large amount 
of this kinetic energy results in the liquid state, with which we are familiar, 
and in which the molecules have a strong tendency to group into minute 
chains. This is due to the intense electromagnetic fields surrounding 
atoms, although the force of these fields is slightly overbalanced by 
the remaining thermal forces. Further abstraction of heat energy 
decreases the amplitude of the thermic vibrations sufficiently to permit 
the electromagnetic forces to hold the atoms rigidly in place. Thus the 
atoms are arranged in a definite manner, depending on the metallic ele- 
ment involved, which gives rise to the space lattice or crystalline type of 
construction. The character of the electromagnetic forces for the various 
metallic elements is such that the cubic space lattice, either face or body 
centered, is formed; an arrangement which probably starts with the 
formation of the chains just mentioned, arms growing outwards 90° 
therefrom until, in the solid state, we have the well-known dendritic, or 
pine tree, formation. The dendrites keep on growing until they interfere 
with one another, giving rise to crystal grains that, in metals, may 
attain a size of 0.001 in. It is these grains we are about to consider in 
aggregation. Because of the natural randomness with which the molecu- 
lar chains in the liquid state discard themselves, we would expect the 
orientations of the dendrites, and consequently the crystallographic 
planes of the lattice structure within different dendritic grains, to be like- 
wise variable. In the process of solidification, some of the atoms are not 
favorably disposed to take their positions in the lattice structure within 
the grains and consequently are secured rigidly between them. This 
irregular disposition of atoms in the solid or amorphous state is, at the 
most, only a very thin film entirely surrounding each grain. As this 
amorphous state obeys the law of viscous flow, it is often referred to as 
an imdercooled liquid of high viscosity. This and other facts led to the 
belief that the phenomenon of plastic flow is due to the formation of 
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amorphous metal along the slip planes, particularly as in a metallic 
aggregate the slip on each plane is limited, the total slip being the result of 
the summation of movements on many slip planes. The amorphous 
metal is supposed to be produced by the tearing of atoms from the space 
lattice at the beginning of slip, which causes considerable localized 
heat to be generated. Dissipation of this heat decreases the mobility 
of the amorphous layer and prevents further slipping; the metal, as a 
whole, is made harder because slip cannot take place in a random mass of 
atoms as readily as in space lattice. Ingenious as this amorphous-cement 
theory may seem it is not accepted by certain schools, but the 
writer does not feel inclined to take part in the discussion and will 
suggest another explanation later. The point in dispute does not include 
the amorphous film around the crystal grains, but only that which is sup- 
posed to be formed on the slip planes. 

Assume then that an aggregate of crystal grains is oriented in all 
possible ways and that each is surrounded by a very thin amorphous 
film; also that we are dealing with a pure metal in a normalized condition. 
According to Fig. 3, in order to break the continuity of the crystallographic 
or easy slip planes, the grains can be rotated only through angles less 
than 90° about each principal axis. Thus, in an actual aggregate of 
grains, the variation in the orientations of these planes is limited, so that 
when tension is applied to a tensile specimen, most of the grains are 
subject to a shearing couple, as in 5’ig. 1, and possibly a componental ten- 
sion acting normal to shear. Direct tension alone probably does not 
occur to such an extent, as there is only one possible position of the grain 
within each of the 90° variations that will give this condition. For the 
grain position making 45° with the axis of the specimen, the shearing 
couple is a maximum. 

It is doubtful whether tension on single grains exists to a large extent, 
because the loading would have to be uniform over the entire surface 
of a grain to prevent slipping on easy slip planes, which monochromatic 
light shows to bo only about 0.00002 in. apart^ while a;-rays show that the 
distance between two adjacent crystallographic planes is in the order of 
12 X 10"® in. for metallic elements. Jeffries and Archer® describe the 
behavior of a single gi’ain under tension (Fig. 1) and point out that the 
componental tensions must become shearing forces after slip has subsided 
on the planes normal to them. 

The total elongation, therefore, in the specimen we are considering is 
equal to the total effect of the deformations (both elastic and plastic) 
of each grain multiplied by the cosine of the angle that grain makes with 
the axis of the specimen. As loading is applied all deformations will be 

sRosenhain’s “Introduction to Physical Metallurgy.” 

» The Slip Interference Theory of the Hardening of Metals. Chem, <& Met. Eng. 
( 1921 ) 24 , 1067 . 
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elastic until those with short projections on the axis begin to yield plas- 
tically. The plastic deformations begin in the order of the increasing 
projected lengths and during this plastic flow the resulting blocklets 
simultaneously continue to be loaded elastically, but with inappreciable 
deformations because of the additional stiffening obtained from the 
amorphous layers around the deformed grains and interference with 
adjacent grains. The grains having small projections tend to interfere 
with the slip of grains having larger projections, which is in accordance 
with Jeffries and Archer’s theory of the hardening of metals. This inter- 
ference is increased with a decrease in grain size and in mixed aggregates 
of soft and hard grains. The amorphous layers give added stiffness 
because the periphery of a grain deformed plastically is increased; while it 
is hardly changed for an elastically deformed grain, which fact must 
account somewhat for the many slip planes formed in a single gi’ain 
in an aggregate. 

Reference to Fig. 4 will show that the stress-strain diagram for the 
deformation of a single grain may be divided into two principal areas, 
the elastic energy area 5-1--7-12 and the plastic energy area 4-1-8-10-13. 
The elastic area may be subdivided into two other areas, which may be 
called the hypoelastic area 5-1-4, occurring up to the elastic limit, ^ and 
the hyperelastic area 4-1-7-12, occurring beyond the elastic limit. From 
these considerations a similar cmve holds for an aggregate of grains, 
except that hyperelastic energy (1) is greater because of the earlier occur- 
rence of plastic action and continued elastic action, and (2) is stored with- 
in the specimen because of internal interference giving rise to internal 
stresses. Thus, in Fig. 5, the unloading line is not 8-11, representing full 
recovery of the hyperelastic energy, as for the single grain, but is 8-2- 
15, which shows that all of this energy is stored within the material. 
That is, in releasing the load from 8 to 2 practically no deformation takes 
place in the reverse direction because the resistance offered by the 
adjacent grains and amorphous layers to those grains tending to be 
deformed hyperelastically (grains in which slip has already occurred) 
is being relieved. At point 2, this resistance is reduced to zero and the 
unloading is completed along the hypo-, or pure, elastic line. The 
grains which were free to extend hypoelastically, that is, those grains 
in which no slipping took place during the total deformation 5-9 of 
the specimen and which met with little or no interference, require a 
greater back deformation than 9-11 to relieve them entirely of stress, as 
indicated by the slope of the line 1-5. Thus, the specimen will have an 
internal stress 15-14, corresponding to the deficiency 15-11 in back 
deformation, that, when the specimen is reloaded, will have to be over- 
come before any direct deformation takes place. This deficiency in 

^ Elastic limit is being used throughout this paper as synonymous with the propor- 
tional limit. 
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deformation that is left over may be termed overstrain/^ From the 
point 14, the stress-strain diagram is exactly the same as the original 
loading and each succeeding loading is the same except that the internal 
stress is increased over the preceding one. Fig. 6 shows the first three 
consecutive loadings and unloadings of a specimen after it has been nor- 
malized. The introduction of an increasing internal stress with a cor- 




Fig. 6. — Progressive increase in Fig. 7. — More exact shape op hys- 

ELASTIC LIMIT (APPARENT) AND AREA TERBSIS LOOP. 

OP LOOPS RESULTING PROM PROGRES- 
SIVE OVERSTRAIN. 

respondingly increasing overstrain raises the zero point of the fundamental 
stress-strain diagram (first loading line), which results in a raising of the 
fundamental elastic limit P to the apparent elastic limits Pi and 
P 2 . The area of the hysteresis loop, which is equal to the hyper- or stored 
energy area minus the overstrain energy area, is also increased with each 
reloading, in consequence of which the tensile strength, fatigue quality, 
and hardness are increased. The corresponding properties, such as the 
ultimate elongation, reduction in area, etc., are decreased. 



Fig. 8. — Actual stress diagram for brass obtained by Professor Dalby. 

Inasmuch as the foregoing effects are statistical in character, we 
should not expect to find in an actual test a sharp change in direction in 
going from the line representing the internal tension to the line of elastic 
deformation. Instead, we should expect the hysteresis loop to have 
curved lines, as shown by the full lines in Fig. 7. This expectation is 
fulfilled by the cui-ve shown in Fig. 8, which represents an actual test on a 
specimen of brass performed by Professor Dalby with the aid of his 
optical load extension recorder attached to a tensile testing machine. 
This curve shows that repeated overstraining raises the apparent elastic 
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limit and increases the area of the hysteresis loop. As in the theoretical 
diagram, Fig. 7, it also shows imperfect elasticity for all loadings except 
the first. Inasmuch as no interference takes place in deforming a single 
grain, we would not expect to experience overstrain or elastic after-effect 
in this case. Tammann found this to be so in testing his small tungsten 
wires of single grain diameter. 

At point 2, Fig. 9, the internal tension corresponding to overstrain 
exists in the hypoelastic grains, but in order to maintain equilibrium, the 
hyperelastic grains (those in which slip has occurred) must be in compres- 
sion, Thus when a reversed loading, i.e., compression, is placed on the 
specimen the elastic limit in compression will be reached much sooner 



Fig. 9. — Effect of overstrain on elastic limit in compression; elastic range 

REMAINS constant BUT OSCILLATES. 

than when the specimen is originally loaded in compression, as shown by 
the line O-Pc* Assuming the elastic limits Pc and Pt to be equal,® for 
the sake of simplicity, although the same results are obtained for unequal 
limits, we can readily ascertain the effect of a smaller limit in compression. 
Laying off the initial compressive stress, equal to 1-2 the internal tension, 
from the Pc line toward the zero axis a distance (3-4) we obtain the new 
limit Pci in compression. Exceeding this new limit introduces an over- 
strain in compression which, when the specimen is loaded in tension, 
again causes the elastic limit in tension to be lowered. In other words, 
the hypoelastic range Po-Pr remains constant for reversed tensile and 
compressive loadings, but because of the hyperelastic energy this range 
oscillates as a whole either side of the zero axis. It is this oscillation that 
causes fatigue failure in the hyperelastic grains, being produced by the 
continual slipping of the blocklets back and forth within these grains. For 

* These correspond to Baushinger’s primitive elastic limits while the raised or 
lowered limits Pt\ or Pei correspond to his natural elastic limits. 
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stresses within this true range, we should have no oscillation and conse- 
quently no fatigue failure. For stresses outside of this range, fatigue 
failure may be delayed somewhat by the annealing effect of the running 
temperature on overstrain. 

Elastic Apteb-eppect 

Elastic after-effect, which is the loss of overstrain after unloading is 
completed, depends chiefly on the factors of time and temperature. 
Our previous study showed that overstrain is caused by the hyper-, or 
stored, elastic energy, resulting from the interference offered by the hypo- 
elastic grains. The hyperelastic grains are in compression at the moment 
the external tension is removed. Hence if this compressive stress is 
smaller than a critical pressure, corresponding to the shear E, Fig. 2, no 
plastic flow will occur and no elastic after-effect, or back-deformation 




Fia. 10. — ^Elastic apteb-bpfbct in Fiq. 11. — Ovbbstbain in steel, ac- 

ZINC, ACCOHDING TO DaLBY. CORDING TO DaLBT. 

from 15-11, Fig. 5, will take place. If the compressive stress is just equal 
to the shear E, elastic after-effect takes place slowly, requiring anywhere 
from a few minutes to several months (aging) for the full back-deforma- 
tion 15-11 to be completed. If the stress is larger than E, elastic after- 
effect will not take place within reasonable lengths of time. However, 
the application of heat in the form of boiling water, or low-temperature 
nnnftflliDg j will reduco E so that elastic after-effect will be greatly hastened 
or made possible. Inasmuch as the value of E varies considerably at 
room temperature for the different metals, we would expect the elastic after- 
effect to be variable for a given internal compression of the hyper-elastic 
grains. This effect takes place in zinc almost immediately after the 
unloading of the specimen, as shown by Fig. 10, which represents a test made 
by Professor Dalby. Soft iron shows the effect only when boiled in water 
(212° F.) while it requires more elevated temperatures (around 600° F.) 
for certain steels and phosphor-bronzes. Fig. 11 shows that the effect 
does not taJse place in steel at ordinary temperature immediately 
after unloading. 
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This releasing of overstrain, by causing plastic flow in the hyper- 
elastic grains with the implements of time and temperature, may be 
described as the acceleration of elastic after-effect by aging and low-tem- 
perature annealing. With these phenomena, all effects due to overstrain 

disappear and the material reverts to 
the normalized state, which is repre- 
sented by the fundamental stress-strain 
diagram, showing the primitive elastic 
Q limits. We therefore have a means of 
eliminating elastic after-effect in helical 
and spiral springs used in instruments, of 
eliminating the tendency in brass to 
season crack, and of restoring perfect 
elasticity. Spring adjustments would be 
insured by a temperature process which 
would eliminate gradual creepage. 



Atomic Action in Elastic and Plastic 
Deformation® 


fp 

Cb)- Elastic Aci-ion 





Fio. 


A simple arrangement of atoms (black 
dots) taken from a cubic space lattice to 
which most of the metals conform is 
shown at (a) Fig. 12. The loops em- 
anating from the atoms represent the 
closed electromagnetic circuits, which 
hold the atoms in the space lattice 
against the tendency of the thermic 
vibrations, which are much reduced in 
the solid state. The arrowheads show 
that the direction of the forces tends to 
produce a powerful pressure P, acting 
normal to the shearing couple >S. To 
cause a break, along the plane 0-0, by opposing the normal P would require 
breaking all the atomic bonds simultaneously; while for a shearing couple 
E the bonds are broken progressively, as shown in (6) and (c). The first 
represents elastic deformation, which shows only a slight rotation of the 
electromagnetic fields, while the second shows an actual breaking of the 
atomic bonds. With the breaking of the atomic bonds on this slip plane, 
the thermic vibrations are free to act (condition of liquid phase) which 
probably accounts for the viscous behavior in plastic deformation. 
When the plastic flow on the slip plane is completed, as in (a), the atomic 

fl^robable explanation of the phenomenon of plastic flow referred to in the first 
paragraph of page 6. 


tp 

^c)-Pla&hc Flow 
12. — Atomic action in de- 

FOBMATION. 
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bonds are once more established, which corresponds to the apparent 
sudden hardness referred to in the amorphous-cement theory. At this 
stage the atomic bonds in the weakest of the remaining slip planes are 
broken, whereupon plastic flow takes place and the atomic bonds are again 
reestablished as before. This process is repeated many times within a 
single grain, particularly in an aggregate of grains where interference to 
slip is considerable as pointed out previously. This process of reasoning, 
confirmed by suitable tests, might serve as a basis for a theory that would 
account for many of the phenomena occurring in metals, as in the 
following instances: 

1. In releasing internal stress by heat, the thermic vibrations are 
increased in amplitude, which decreases the viscosity of the liquid phase 
on the slip planes of the hyperelastic grains. The internal compression 
therefore, having less resistance to overcome, causes a back-deformation. 

2. It has been shown^ that elastic deformation affects the intensity 
of magnetization while permanent deformation does not. Fig. 12 (h) 
and (c) show the reason for this. In the former there is a rotation of the 
atoms against the electromagnetic forces that should tend to constrain 
the complete alignment of the elementary magnets giving the maximum, 
or total intensity, of magnetization; while in the latter there is no such 
rotation, hence no constraint against the complete alignment of the 
elementary magnets. 

3. The relative brittleness and ductility of the various metals depend 
chiefiy on the value of the normal P, which pressure is an inherent prop- 
erty of the metal depending, as it does, on the electromagnetic forces of 
the atoms. In brittle metals, the atomic bond is broken with the least 
amount of distortion, although the relative stiffness may be high, mainly 
because P is small, while in ductile metals the bond is maintained mainly 
because P is large. Hence, brittle metals could probably be made ductile 
if P could be increased artificially,® or ductile metals made brittle if P 
could be decreased. 

4. The characteristic brittle break of a ductile metal, when subject 
to impact, may also be explained. Suppose that a cast-iron vessel is 
filled with a liquid corresponding to the plastic phase and that there is an 
orifice in the lower end of the vessel and a liquid-tight piston at the top. 
If the piston is subjected to an impact, the liquid can flow through the 
orifice only at a definite rate, depending on its viscosity, consequently the 
great amount of impact energy occurring in a small interval of time will 
be transmitted to the walls of the vessels, wherein a stress suflBicient to 
fracture the vessel may be built up. A similar action occurs in a metal 

^L. Fraichet: Magnetization and Molecular Deformation of Steel under Tension- 
elastic limit. Rev. de Metalh (Jan., 1923). 

® A. A. Griffith: The Phenomena of Rupture and Flow in Solids. Phil. Trans. 
Royal Society of London, 221, 187. 
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under impact. The strength of the brittle vessel corresponds to the 
normal P in Fig. 12(&) and the liquid to the plastic phase during slip. 
When impact in shear S is applied, the rate of flow or slipping is a definite 
amount like the flow of liquid through the orifice. Consequently, the 
energy of impact reacts against the “walls” of the blocklets (line 0-0), 
where it acts against the normal P thereby breaking all the atomic bonds 
and resulting in a characteristic brittle break. 
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Nitrogen in Steel 

Discussion of the paper by C. Bald-win Sawyeb, presented at the Canadian 

Meeting, August, 1923, and printed in Vol. LXIX, p. 798. 

J. S. Vanick,* Washington, D. C. (written discussion). — To those 
who have been confronted with the study of the gas-metal reactions, 
this paper is a most welcome contribution. My personal interest in 
work bearing upon this general problem, stimulated by an appreciation 
of the difficulties inherent to problems of this type, prompts a few words 
of discussion. 

Table 2 of the paper shows a gradual increase in the nitrogen content 
with an increase in pressure, and an interpretation follows in which 
nitrogen is used as the compressed medium when the conditions admit 
that cyanogen gas could be active as a contaminating ingredient. Fusions 
of electrolytic iron made in the induction furnace in an atmosphere of 
deoxidized nitrogen and out of contact with contaminating materials have 
shown no microscopic evidence of a nitrogen increase; using a refractory- 
lined graphite crucible in the furnace under the same conditions or 
admitting air often resxilted in the occurrence of nitride needles in the 
solidified melt. These results suggested that a nitrogenous compound 
served as a vehicle for the introduction of nitrogen and that such com- 
pound was not available when the pure gas and carbon-free refractory 
were used. The fusion of pure iron in pure nitrogen is perhaps a matter of 
theoretical interest. The author's work serves a more practical purpose 
when applied to steels rather than iron. 

Table 2 reports the absence of nitride needles in melts made under 
pressure of one atmosphere, although the quantity of nitrogen present 
would seem to exceed microscopically detectable percentages. In some 
recent work^® on carburized iron, nitride needles have been observed in 
areas analyzing as low as 0.015 per cent, nitrogen. This low percentage of 
nitrogen would indicate that the solubility limit is less than 0.030 per 
cent, for hypoeutectoid steels. There is the possibility that the areas 
of pearlite which exist in a hypoeutectoid steel restrict the distribution 
of nitrogen and limit its presence to the ferritic fields. In view of this 
work and the references quoted by the author, I am led to expect that 
the value for the solubility of nitrogen in solidified iron may approach 


* Metallurgist, Fixed Nitrogen Research Laboratory, U. S. Dept, of Agriculture, 
Tram. Am, Soc, for Steel Treating (1923), 
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the 0.02 per cent, mentioned by Tschischewski, when conditions are 
favorable for its precipitation. 



Fig. 27. — White and black layers op nitride in a cross-section of wire that 
tta t^ been ammonia-nitrogbnized at 650° C. X 75. (Mounted in solder.) 



Fig. 28 — Transition zone from surface to core of a specimen ammonia- 
NITROGENIZBD AT 650° C. X 100. (o) OUTER LATER, POROUS, WHITE NITRIDE. 

(6) Inner later, compact white nitride, (c) 5 and d intermediate, (ri) Black 

BAND, BUTECTOID. ( fi ) HyPOEUTECTOID d . ( f ) NITRIDE NEEDLED INTERIOR. 

The determination of the composition of the 1.7 per cent, nitrogen 
^'eutectoid^' is of very great importance in establishing the position and 
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identity of this compound in the tentative iron-nitrogen diagram. 
Experiments made at this laboratory located the range of composition of 
the black band^' in ammonia-nitrogenized specimens between 1.6 and 
2.3 per cent, nitrogen. The method consisted of exposing fine wires to a 
current of ammonia at 550° C. and calculating the total nitrogen content 
determined from an analysis of the entire wire into the percentage of 
area occupied by the white layer. Repeating this procedure at 650° C., 
and correcting for the area and composition of the white layer, gave the 
range of values above. This method is obviously too coarse to closely 
confine the composition limits of the compound. 



Fig. 29. — A portion op Fig 28 magnified. X 500. 


The certainty with which the '‘black band^' in ammonia-nitrogenized 
specimens appeared upon cooling from above 650° C. strongly empha- 
sized this eutectoid characteristic. However, the microstructure of the 
“black band,'’ or pearlitic patch, if resolved, possessed the martensitic 
or the flat, sorbitic structure; never the structure common to eutectoids. 
In addition, the failure to produce a hypereutectoid zone in specimens 
coated with the nitride layer and subsequently heated out of contact with 
ammonia, militated against its acceptance as a eutectoid. Future work 
may overcome these diflSlculties and resolve the character of the eutectoid 
components. Figs. 28 and 29 illustrate typical intermediate forms of 
the iron nitride which appear in passing from the surface to the interior 
of an ammonia-nitrogenized rod. 
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Physical Defects in Hollow Drill Steel* 

Bt Fbancis B. Foley, t Chas. Y. Clayton, { and Muir L. Frey,§ Rolla, Mo. 

(New York Meeting, February, 1924) 

During the past year, we have investigated the cause of 88 per cent, 
of the failures by breakage near the bit end of some 1-in. hollow, hexagon, 
drill steel used in a metal mine. This breakage in the region of the bit 
end of the steel was peculiarly interesting because we have been led to 
believe that breakage is most prevalent at the shank end of drill steels 
near the place where the steel is gripped in the chuck of the machine. 
Records from the mine showed, also, that the breakage was much more 
frequent in the short lengths of large gage than in the longer steels; 
this is shown graphically in Fig. 1. Because the shorter lengths of steels 
are usually those that have been made from broken pieces of long steels 
or from steels that have worn down in service, rarely being made from 
new stock, those who are wont to suspect steel of tiring and crystallizing 
in its old age through fatigue are quite apt to see in this instance an 
argument in favor of their idea. As usual, a careful examination of these 
steels reveals defects of a character hardly to be overlooked in favor 
of such a cause. 

The steel in question was rolled with a sand core and was of the usual 
drill steel composition: Carbon 0.85 per cent., manganese 0.60 per cent., 
silicon 0.25 per cent., phosphorus 0.02 per cent., and sulfur 0.02 per cent., 
with the exception that in some specimens there was vanadium, not 
exceeding 0.20 per cent. 

The following lengths and gages were used: 


Ldngth, 

Gaob, 

Length, 

Gage, 

Feet 

Inches 

Feet 

Inches 

Starter 

2 H 

7 

l^He 

3 

2 H 

8 


4 

2 M 

9 

1 Ke 

5 

2 

10 

1 Ke 

6 





* Published by permission of the Director of the Bureau of Mines, 
t Metallurgist, Bureau of Mines. 

t Professor of Metallurgy, Missouri School of Mines and Metallurgy. 
§ Junior Metallurgist, Bureau of Mines. 
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When preparing specimens for this investigation, 12 in. of the bit end 
of steels representing each of the gages, nine in all and all in the sharpened 
but unhardened condition, were halved longitudinally by sawing. The 
faces thus exposed of one-half of each of the steels were polished and 
etched to develop structural changes in the metal, as shown in Fig. 2. 



Fia, 1 . — Bbeakagb, as pbroentagb op total sharpbnings for various lengths 

AND gages op steel. 


The lines bounding these zones of structural difference have been empha- 
sized by tracing them with a pencil on the original pieces in order to 
bring them out more prominently in the photographs. The other halves 
were cut into convenient lengths, polished free of scratches for micro- 
scopic examination, and given careful scrutiny under a microscope for 
defects. The presence of quite a number of transverse cracks was thus 
revealed, the cracks usually extending from the water hole at right angles 
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into the metal. The depth and the angle that these cracks made with 
the water hole were recorded and their location, with reference to the 
length of steel, is shown in Table 1. The heavy line in each column 



Fig. 2. — ^Bits Nos. 4, 6, 6, anj> 7; macro-btoh sbvbn-tenths actual size. 


indicates the position of the point of structural change farthest from the 
bit end, as revealed by the etching of one of the halves of each of the 
steels. This line, therefore, limits the region that was subjected to 
effective heating during sharpening and tempering. 





Table 1. — Depth and Location of Cracks in Drill Steels 
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Two cracks were found extending at right angles from the outside 
surface in bit ISTo. 1, three in bit No. 2 (two of them in the upset portion), 
and five in bit No. 4. None of the other bits showed any cracks on the 
outside surface of the steel. 

Discussion op Results 

A study of the results for the purpose of establishing a relation, if 
any should exist, between the regions of structural change and the location 
and depth of the cracks found, reveals the following: 

In bit No. 1, there are numerous crack areas a considerable distance 
outside the heated portion but the deepest cracks occur in the latter 
region. A group of cracks within the region of structural change contains 
two of the deepest, one of which is 1.848 and the other 1.344 mm. deep; 
both of these can be seen easily with the unaided eye. 

In bit No. 2, there is apparently little relation between the cracks and 
the portion heated in the sharpening operations. This may be considered 
a relatively good piece of drill steel. 

Bit No. 3 is similar to No. 2 in that it has few cracks and may be 
considered relatively sound; such unsoimdness as exists is in the region of 
structural change. 

In bit No. 4 is found once more the semblance of a relation between 
the area of most cracks and the portion subjected to heating; however, 
the deepest cracks occur just outside the region of structural change. 

In bit No. 5, the worst condition with respect to cracks is in the region 
of structural change. There are five zones embracing areas in which 
there are numerous cracks, and four of these five zones are in that region. 
Practically all of the deepest cracks also are in this region. The bit is 
relatively in very poor condition; it may be cited as the poorest of the lot. 

Bit No. 6 is poor but not as poor as No. 5; here, too, the region of 
deepest and most munerous cracks coincides with the region of struc- 
tural change. 

As regards cracks, bit No. 7 is a fairly good specimen. There seems 
to be no connection between the heated portion and the location of the 
deepest crack. However, there are numerous small and incipient cracks 
within the area of structural change. 

The most serious cracks in bit No. 8 are, generally speaking, not 
within the region of structural change but are in the as-rolled section of 
the bar; the bit would be classed as poor. 

A condition similar to that of bit No. 7 is found in bit No. 9; there 
are few deep cracks in any portion of the specimen. The deepest one, 
0.924 mm., is distinctly in the as-roUed section. The bit may bo classed 
as passable. 

It will be seen from the foregoing that the bits divide themselves into 
two classes with respect to cracks: Four of them. Nos. 1, 6, 6, and 8, being 
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classed as poor to bad, and the remaining five. Nos. 2, 3, 4, 7 and 9, being 
classed as fair to good. In the former, there is a definite relation between 
the region of structural change and that of the most prevalent and deepest 
cracks. In the latter five, there are three in which no definite connection 
has been found and one in which the authors express a doubt; the remain- 
ing one (No. 3) shows an apparent relationship. From such an analysis, 
the conclusion is that in those bits which are susceptible to cracking, the 
condition is aggravated by the change in structural condition brought 
about by the numerous heatings; and when the steel is relatively free 
from cracks the numerous heatings apparently do not have such a 
deleterious effect; therefore, it seems reasonable to conclude that the 
structural change is not the primary cause of the breaks, but is an 
accessory in the case of defective steel. 

It wiU be noted that the foregoing results cast no direct light on th6 
reason for the greater number of failures occurring in the short lengths 
than in the long steels. The bits examined were numbered from one to 
nine in the order of the length of the steels they represent; No. 1 being 
the starter length and No. 9 the longest length. To obtain definite 
results bearing on the reason for the failure of the shorter lengths, it 
would be necessary to examine a large number of each of the lengths 
and so arrive at the average condition; nevertheless, one can readily 
see how the development through working of the cracks, which are 
shown to exist in these steels, would in time result in considerable 
breakage of the steels longest in use; in other words, of the short lengths 
of large gage. 

Typical shallow and deep cracks are shown at a magnification of 100 
diameters in Fig. 3, 4, 5, and 6. The cracks shown by Figs. 4 and 5 are 
filled with a foreign substance. This can hardly be slag present in the 
metal before it was rolled into the bar; such slag would, no doubt, be 
rolled out parallel to the direction of working. This foreign substance 
is probably rock dust carried there by the water or iron oxide or a mixture 
of the two. This filling matter is more prevalent in cracks found within 
the region of structural change, in which event it is doubtlessly iron 
oxide that formed during the heating of this portion incidental to sharpen- 
ing and treating. Certain of the cracks appear as discontinuous areas 
filled with some foreign matter; such cracks are actually continuous, 
appearing as isolated patches only because no sectioning in a plane could 
follow their tortuous path. 

In Fig. 3, there are cracks extending at right angles to the main crack 
and therefore parallel to the axis of the steel; these tributary cracks are 
probably caused by the corroding action of the water that found its 
way into the large crack and there attacked the more impure portions 
of the steel, which had been rolled out in a direction parallel to the water 
hole during the fabrication of the drill steel. 
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The edge along the water hole of the steels is seldom straight, being 
undulated and often serrated, and it is in the bottom of these undulations 
and serrations that the cracks start. To determine to what extent these 
defects were present in steels that had not been used in drilling, pieces 
from six “ as-rolled bars of drill steel were sectioned and polished for 
examination in the same manner as the nine specimens just described. 
In all, only three incipient cracks were detected, but undulations in 



Fig. 6. — ^Typical shallow ckacks. X 140. Unetchud, 


the water bole were there and the three cracks found appeared to start 
from the bottom of undulations. The fact that the cracks were found 
to be more prevalent in used steel than in the “as-rolled” bars indicated 
that they are developed in service; and the close association of the cracks 
with mndulations .and [serrations in the wall of the water hole seems 
to indicate that the method used in producing the water hole is a 
predisposing cause. 
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Effect of Cbacks 

As long as there are so many users of steel who are willing to attribute 
the failure of steel to “crystallization from fatigue^’ there will continue 
to be great difficulty in arriving at the true cause of failure in many cases. 
Steel is naturally crystalline and it is rarely, if ever, foimd to be anything 
else; certainly it has never been demonstrated that an amorphous condi- 
tion can be produced in steel. Some investigators believe that thin films 
of amorphous metal are formed in steel by stressing beyond the elastic 
limi t, but such an idea is the opposite of crystallization. 

Steel fails from overloading and a piece of steel that is defective is 
more easily overloaded than a sound piece. To quote Moore^ “So far 
we have seen no* failure that could not be explained by localized high 
stress, a crack at a point where one heat treatment stopped and another 
began, or where there was local faulting, or any of a dozen causes.” 

It is almost impossible to emphasize too greatly the weakening 
influence of cracks. Were the effect of a crack merely that of reducing 
the effective cross-section of the steel bar, such small transverse defects 
as we have noted would be of little consequence; the effect, however, is 
more insidious. All blacksmiths are familiar with the fact that a bar of 
mild steel may be bent cold over an anvil, whereas the same bar when 
nicked with a set will break off short; this is not merely because the 
section of the bar has been reduced but because the nick has caused the 
stresses, due to the hammer blow, to become localized at the base of 
the nick. 

There is practically unanimity of opinion among investigators of the 
phenomenon of fatigue, that failure results from a localization of stress. 
It was first elaborated by Gilchrist,* who stated that fracture under 
repeated stress was caused by the statical breaking limit being exceeded at 
one point only. From this point, when once started, rupture spreads 
at first rapidly then more slowly, sometimes continuing to complete 
separation of the two parts of the bar, but occasionally stopping short 
of complete rupture. He states furthermore that the raising of the stress 
at the point when fracture, commenced was caused by an irregularity in 
the bar, which might be an irregularity or discontinuity in the metal 
either on the surface or in the body of the bar, and that a bar of uniform 
strength whose surface was perfectly smooth with no sharp corners in the 
longitudinal configuration and the structure of which was perfectly 
homogeneous would endure without breaking, an indefinite number of 
repetitions of stress varying between zero and a value near to the 
breaking point. 

1 H. F. Moore: Investigation of Fatigue of Metals under Stress. Tram, (1921) 
66, 807. 

® The Engineer (London) 90, 203. 
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Coker,® working with transparent models, has shown, in a graphical 
manner, that in regions of abrupt change of cross-section under stress 
there is a localization of stress that in many eases very considerably 
exceeds the stress per unit area computed for the cross-section as a whole. 
Moore^ has found that it is possible to subject a homogeneous steel of 
0.9 per cent, carbon to one hundred million reversals of stress as high 
as the elastic limit of the steel with no sign of failure. 

Slight imperfections, such as an 0.003-in. groove, have reduced the 
fatigue-resisting properties of a steel 40 per cent, and tool marks lead to 
early failure of parts. The cracks in the water hole of drill steel, 
insignificant though they may appear, are really potent sources of failure. 


Mitigation of the Effects of Cracks 

Every piece of steel that has been subjected to an operation involving 
heating and cooling has been heat treated. The heat treatment may or 
may not have been beneficial, nevertheless the crystalline structure has 
been improved or injured according to the manner in which the heating 
and cooling operations have been conducted. Therefore, the conditions 
under which steel is heated and cooled should always be governed so as 
to produce metal in the best condition possible for the purpose for which 
it is intended. Merely to heat steel to any temperature at which it can 
readily be worked, to work it with no regard to the temperature at which 
cooling will commence, and then to fail to consider the rate at which the 
metal will cool, is to invite trouble. 

Steel is a mixture of iron and cementite, and the mixture can be coarse 
or fine, homogeneous, or heterogeneous, according to the manner in 
which it is treated. If steel already contains the defects we have found, 
and if it is claimed that these defects cannot be entirely eliminated, it 
becomes imperative that the condition of the metal be such that it will 
best withstand their weakening influence. 

The Charpy or the Izod impact test, in which a notch is purposely 
introduced in the specimen to determine the resistance of the metal to 
stresses applied when it is in that condition, gives some indication of the 
value of heat treatment in increasing the resistance of steel to failure 
under shock in spite of the presence of a notch. Eesults reported by 
Howe, Foley and Winlock® showed, in general, that very slow rates of 
cooling from above the critical range produced the lowest notched impact- 
resistance values, whereas a relatively rapid rate, such as that obtained 


3 E. G. Coker: General Electric Review, 1920-21-22. 

* Loc. ciL, Also Moore and Kommers: An Investigation of the Fatigue of Metals. 
Univ. of m. Bvll, (1921) No. 124. 

® Influence of Temperature, Time and Rate of Cooling on Physical Properties of 
Carbon Steel. Trans, (1923) 69, 722. 
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by an air blast, produced a stronger steel with a much higher notched 
impact value. 

As there are probably few cracks, of the kind we have been discussing, 
present in new steel and if, as we suggest, it is the unevenness of the 
water-hole surface that leads to their formation during service, it seems 
to us that steel rendered tougher might well withstand service conditions 
without the formation of these cracks that later in the life of the steel 
lead to failure. Whether or not it is advisable to treat every bar of drUl 
steel depends, of course, on relative cost. What expense does breakage 
of drill steel incur? Would the higher cost of properly annealed drUl 
steel pay for itself? 

Summary 

Mine drill steels were examined to detect the cause of the preva- 
lence of failures at the bit end of short steels of large gage at a particu- 
lar mine. 

Transverse cracks along the water hole were found. 

In those steels that contained the greatest number of defects a 
relationship apparently existed between the location of the most serious 
cracks and the point of structural change produced in heating the bit for 
sharpening and hardening. No such relationship prevailed in the steels 
showing the fewest cracks. 

The deleterious effect of the change in structure caused by heating 
the bit is thought to cause failure there in those steels that are already 
predisposed to breaking by the presence of the transverse cracks. 

The gradual spreading of cracks during the period of life of the drill 
steel leads to breakage occurring more frequently in the short lengths, 
which are usually the steels that have been longest in service, the greater 
proportion of new steels among those of greatest length materially 
reducing the breakage percentage. 

New steels are found to contain very few actual cracks but the surface 
of the water hole is quite uneven, and in used steels the cracks seem 
to originate at the base of such undulations or serrations. These 
irregularities are, therefore, thought to be a predisposing cause of cracks. 
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The Trend in the Science of Metals* 

By Zay Jeffries, Cleveland, Ohio 

Each generation accepts the developments of the preceding gen- 
erations without full appreciation of the difficulties that had to be 
overcome or of the effect of any given development on society. - Today, 
the production of pig iron is the yardstick with which general industrial 
health and progress are measured. So natural and logical does this 
seem to us, that it is difficult to picture conditions prior to the fourteenth 
century when pig iron was unknown. Not only was pig iron unknown 
but iron or steel could not be melted and poured into castings; all iron and 
steel articles were forged from sponge iron. 

All castings, as well as many worked articles, were made of non-ferrous 
metals or alloys. In many parts of the world, over long periods of time, 
not only was the annual exchange value of non-ferrous metals greater 
than that of iron and steel, but their combined tonnage was greater. At 
present, the value of the pig iron produced in a year is of the same order 
of magnitude as that of aU non-ferrous metals combined; the tonnage of 
pig iron is, however, about twenty times that of aU non-ferrous 
metals combined. 

Owing to lack of records, we will probably never know the relative 
importance of the various metals at aU periods in historic times, A 
certain conclusion is that the iron and steel industry, since the discovery of 
pig iron and the cheap methods of converting it into steel, has grown at a 
much more rapid rate than the non-ferrous metal industries. Notwith- 
standing their fundamental fitness for man^s needs, iron and steel owe 
their importance in no small degree to the low cost of production. The 
low cost was a result of increased knowledge of the production appliances 
and of the metallurgical processes. This increased knowledge is the key 
to our modem industrial civilization. 

It will remain for future generations to determine whether there is now 
going on a gradual change toward greater importance of the non-ferrous 
metals, as compared to iron and steel. The world's pig iron production 
in 1920 was slightly more than twice what it was in 1890, whereas the non- 
ferrous metals production in 1920 was about two and one-half times that 
in 1890. Every non-ferrous metal industry has shown marked growth 
during the last thirty years. During this period, the production of cop- 

* Third Annual Lecture of the Institute of Metals Division, the American Insti- 
tute of Mining and Metallurgical Engineers, at the New York Meeting, February, 
1924. 
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per, nickel, and aluminum has increased at a much faster rate than that of 
pig iron. 

Assuming different degrees of fitness for industrial uses, the relative 
importance of the various metals depends on : 

1. Cost of production; 

2. Knowledge of properties and shapes desired for industrial uses; 

3. The state of the science of metals, i. e.,the knowledge of the proper- 
ties of metals and their alloys and of the processes of fabrication. 

In the growth of any particular metal industry, all of these factors are 
inter-related. A revolutionary discovery in any one of these fields may 
result in a marked increase in demand ; also increased knowledge of any 
metal may greatly change its rate of growth. 

The Institute of Metals Division is principally interested in the third 
item, which is referred to as the science of metals. We will confine the 
discussion this afternoon to certain aspects of this subject. 

Many physical and mechanical properties must be considered in the 
selection of metals and alloys for industrial uses; namely, resistance to 
corrosion, electrical conductivity, magnetic properties, melting point, 
vapor pressure, bearing qualities, machinability, coefficient of expansion, 
strength, elastic limit, hardness, elongation and reduction of area after 
rupture by tension, resistance to repeated stresses, resistance to impact, 
etc. Sometimes, a number of these properties must be within specified 
limits in the same material; again some property, not specified, may be 
essential in order to fabricate a desired article. If we consider the various 
properties of metals from the standpoint of their contribution to useful- 
ness, there is probably good agreement that plasticity and hardness rank 
first. If we examine all the uses of metals, we can find no considerable 
use in which either or both of these properties is an unimportant factor. 
Drawn copper wire, for example, may be used for a conductor of 
electricity in places where its hardness or even its plasticity may not be 
an important factor, but if it were not plastic it could not have been drawn 
into wire. The use of cast iron would be very limited if it were as soft as 
lead. Furthermore, the high compressive strength and the machin- 
ability of cast iron are due, in a large measure, to the plasticity of the main 
constituent — ^ferrite. The specifications for structural metals nearly 
always demand certain tensile strengths and elongations. In mechanical 
working operations, resistance to permanent deformation and capacity 
for being permanently deformed without rupture are major factors. 
Important as the subject of hardness is, it has received so much attention 
during the last few years that we would not be warranted in giving it 
further consideration today. 

' Each year, the chances are becoming less for the layman to make 
signal advances in the science of metals. The trend in the science is in 
the direction of atomic physics. The old tools are not being discarded 
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but are being used more and with better understanding. New tools are 
being developed which have already greatly enriched our knowledge and 
promise even greater things in the future. New developments are now 
often the result of laborious researches involving a profound study in 
fields that have been worked over, on the surface, many times ; the tools 
available permit us to make a more profound study than could have been 
made even two decades ago. I have selected for discussion two subjects, 
namely, diffusion in the solid state and plasticity. The knowledge on 
these subjects has been greatly augmented by the new physical methods 
of attack. When dealing with fundamentals, there is no sharp distinction 
between iron and steel and the non-ferrous metals, I will therefore take 
some examples from each of these two major fields. 

At the outset, I wish to express my indebtedness to my associates, 
Messrs. Archer, Sykes, Gladding, Karrer, Bain, Tarasov, and Doran. 

Diffusion in the Solid State 

The diffusion of carbon into solid iron at an orange heat has 
been practiced for thousands of years, but it is only in recent times that 
this process has been crudely understood. Two notable researches on 
diffusion in the solid state are those of Roberts- Austen,^ who studied the 
rate of diffusion of gold from a lead-gold alloy into pure lead, and Bruni 
and Meneghini,^ who studied the interdiffusion of copper and nickel. 
The experiments on copper and nickel are typical cases of diffusion in the 
solid state. A nickel wire 0.5 mm. in diameter was coated electrolytically 
with sufficient copper to make the mixture correspond to 59 per cent, 
copper and 41 per cent, nickel. The compound wire was heated in a 
hydrogen atmosphere to 1000® C. and the electrical conductivity was 
measured from time to time. The progress of diffusion was followed by 
the decrease in conductivity. The conductivity reached a constant value 
after 140 hr., which value was the same as that of a homogeneous alloy of 
the same composition. The color of the copper had changed from red to 
white and other tests confirmed the conclusion that both core and shell 
were of the same composition after the long heating. Copper and nickel 
form an unbroken series of solid solutions. It is a requirement in such 
solid-solution alloy systems that either element should diffuse in the other 
in the solid state. 

In any case of diffusion in the solid state, there is usually some low 
temperature at which diffusion will not take place; or, what practically 
amounts to the same thing, a temperature at which the rate of diffusion is 
imperceptible. The rate of diffusion increases rapidly with rise in tem- 

1 Phil Trans. (1896) 187A, 383. 

^Inl Zeit. fUr Mctall. (1912) 2, 26; Desch: Diffusion in Solids. Reports on the 
State of Science (1912) 358. 

VOL. LXX. — ^20 
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perature. Roberts-Austen found that the diffusion of gold from an alloy 
of lead and gold into pure lead was 400 times more rapid at 200° C. than 
at 100° C. The increase in rate of diffusion with rise in temperature is so 
universal that it may be regarded as one of the diffusion laws. 

The rates vary^ however, in specific instances. From the experiments 
on copper and nickel cited above, it is evident that the copper atoms must 
have traveled half the diameter of the nickel wire, or 0.026 cm, in 140 hr. 
Seduced to other units, it is found that the faster moving copper atoms 
advanced about two atom diameters per second. Under certain condi- 
tions, the rate of penetration of carbon into steel is 100 times as fast as 
copper in nickel, or 200 atom diameters per second. This rate can be 
accelerated by rise, or retarded by decrease, in temperature. The 
rate of vibration of the atoms due to temperature is something over 
1,000,000,000,000 times per second. It is therefore evident that, 
in the case of the copper-nickel alloy, there would be on the order of 
1,000,000,000,000 vibrations due to temperature to each movement 
of a copper atom a distance of one atom diameter. In the iron-carbon 
case, there would be on the order of 10,000,000,000 temperature vibra- 
tions to each movement of a carbon atom a distance of one atom 
diameter. It is thus seen that the movement of solute atoms in solid 
diffusion is relatively sluggish. 

Recently Langmuir and Dushman® have made a study of the diffusion 
of thorium in tungsten. The source of the thorium is thorium dioxide 
(thoria) about 0.76 per cent, of which is added to the tungsten oxide before 
the latter is reduced by hydrogen to tungsten powder. Thoria is not 
reduced by hydrogen and, consequently, remains in the tungsten almost 
entirely as the oxide. It was formerly thought that the thoria remained 
completely unreduced. Thanks to Langmuir, it is now known that a 
very small amount is reduced to metallic thorium. Tungsten containing 
as little as one part of thorium in 40,000 would defy even detection by 
any ordinary method. The thorium, however, diffuses to the surface 
and at temperatures near 1800° C. an adsorbed layer of thorium atoms 
forms on the surface of the tungsten filament. The electron emission from 
thorium is much greater than from tungsten and it is the surface layer of 
atoms that controls the electron emission. A tungsten filament coated 
with a layer of thorium atoms has, therefore, approximately the emission of 
a thorium filament at the same temperature. At certain temperatures, a 
filament with an adsorbed layer of thorium atoms will have many 
thousand times the electron emission of a pure tungsten filament at the 
same temperature. Incidentally, the electron emission is the basis of 


* Langmuir: The Electron Emission from Thoriated Tungsten Filaments. Phy^, 
Rev. (1923) 22, 357. 

Bushman and Langmuir: Phys. Rev. (1922) 20, 113. 
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current flow between filament and plate in vacuum tubes used in radio 
detection and amplification and for other purposes. 

This case of diffusion in the solid state is not only important because 
of its great practical use but because of the method of study, which 
provides a means of determining the state of combination of the foreign 
atoms when other methods fail, and because of the example of how one 
property of a metal is increased many thousand times by the presence of 
as little of another substance as one part in 40,000. 

In order for diffusion to take place, there must be a concentration 
gradient. In the examples discussed, the concentration gradients were 
such as to cause a flow of foreign atoms in certain general directions. 
These cases offer the best means for quantitative study of diffusion 
and, hence, for a mathematical treatment, such as that of Langmuir 
and Dushman. There are other cases of diffusion, most important 
in the heat treatment of metals, which relate to the change in size 
of discrete particles of one or more constituents within a metallic 
matrix. Concentration gradients exist in all directions from particle to 
particle so that a quantitative study of either the magnitude of the gra- 
dient or the rate of diffusion is very difficult. Change in particle size is, 
however, certain evidence of diffusion. 

An important example of change of particle size in the solid state is 
that of an alloy of aluminum, copper, and magnesium. Merica, Walten- 
berg and Scott^ were the first to attribute the hardening of duralumin to 
the precipitation of small hard particles from a supersaturated solid solu- 
tion. The supersaturated solution is produced by saturating at a high 
temperature followed by quenching to prevent precipitation during cool- 
ing. Precipitation and particle growth take place slowly at room tem- 
perature. The first precipitation is accompanied by hardening and 
increased strength and decreased plasticity. When the particles reach a 
certain size, called critical size (critical dispersion), the hardness reaches a 
maximum and the plasticity a minimum. With further increase in par- 
ticle size, the hardness decreases and the plasticity increases. Appar- 
ently, at each temperature, the particles will not grow beyond a certain 
size, which is larger the higher the temperature. Duralumin will never, 
to the best of our knowledge, soften at ordinary temperatures. At 300° C., 
the particles grow to such a size that the hardness of the alloy may be 
reduced to half that of the hardest condition. Let us consider the causes 
of these phenomena. 

Langmuir and Dushman found that the rate of diffusion of thorium 
in tungsten was negligible below 1200° C. The atomic volume of tungsten 
is 9.5 and that of thorium is 19,1, These relative volumes are shown as 
spheres in Fig. 1. As the temperature increases the diffusivity increases 


* Heat Treatment and Constitution of Duralumin. Trans, (1920) 64, 41. 
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rapidly. With a small amount of silicon present, inagnesium, with an 
atomic volume of 14.3, diffuses at room temperature in aluminum, which 
has an atomic volume of 10. Diffusion will not take place at the tempera- 
ture of liquid air, 190° C. The relative sizes of these atoms in spherical 
form are shown in Fig. 2. Carbon will diffuse in iron at room tem- 
perature. The carbon atom is the smallest of all of the elements solid at 



Fig. 1. — REiiATivE sizes of thorium akd tungsten atoms. 

ordinary temperatures. Its atomic volume, in diamond, is 3.42 and that 
of iron is 7.1. We have considerable evidence showing that tungsten 
in high-speed steel will not diffuse to any substantial extent in alpha iron 
below about 450® C. and that its rate of diffusion increases rapidly above 
this temperature.® The relative atomic volumes of the principal elements 
of high-speed steel are shown in Fig. 3. The relative sizes of atoms are 




Fig. 2. — Relative sizes of aluminum and magnesium atoms. 

always important^ and sometimes controlling, factors in diffusion in the 
solid state. A very large atom might not be able to diffuse in a small 
atom lattice at any temperature. 

There must be a ^‘diffusion force’’ and a diffusion resistance.” 
While diffusion is progressing, the force must be greater than the resis- 
tance. When there is no diffusion, either the force and resistance arc 
equal, which is the condition for equilibrium, or the resistance must be 
greater than the force. Each of these factors is obviously a complex. 

* Bain and Jeffries: Cause of Red Hardness of High-speed Steel, Iron Age (Sept. 
27, 1923) 805. 
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Diffusion force probably depends largely on: (1) Concentration 
gradient, and (2) relative attractive forces between like and unlike atoms. 



Fig. 3.— -Relative sizes op atoms of principal elements in high-speed steel. 

The greater the concentration gradient and the more the mutual 
attraction of the unlike atoms differs from that of the like atoms 
the greater should be the diffusion force. 



Fig. 4. — Schematic conception of diffusion in crystalline lattice. 

Diffusion resistance probably depends largely on: (1) Temperature, 
(2) atom size, and (3) dimensions and type of space lattice. 

It is easy to understand why the diffusion resistance would be lower 
the highei: the temperature; the space lattice becomes larger and the force 
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required to move the atoms relative to one another is decreased. It is 
not easy, however, to comprehend why diffusion in the solid state takes 
place at all. The atoms are very resistant to deformation, as evidenced 
by the large forces required to deform metals elastically. Steel stressed 
to 300,000 lb, per sq. in., elastically, in tension has its space lattice 
extended only 1 per cent. With such great forces required for so little 
deformation, it is difficult to understand how two atoms could exchange 
places. Langmuir has proposed a mechanism that is quite satisfying. 
Fig. 4 shows schematically a group of atoms of one size enclosing a larger 
foreign atom. Assuming the matrix atoms to represent tungsten, the 
larger atom is about the proper size to represent thorium. The concen- 
tration gradient is such as to produce a diffusion force from right to 
left. The movement is effected by a rotation of four adjacent atoms 
simultaneously. It is obvious that such rotation can take place without 
greatly disturbing adjacent atoms. The rotation may not always involve 
four atoms. 

Rosenhain® reports that diffusion is more sluggish in metals having 
space lattices of low symmetry than in those with high symmetry. It is 
true that the rate of diffusion of aluminum in the magnesium space lattice 
is slow. This accords with Langmuir’s conception of the mechanism of 
diffusion because diffusion would be most rapid on those planes on which 
mechanical slip is easy. Magnesium crystallizes with a hexagonal space 
lattice of low S 3 nnmetry. This mechanism also fits in with the known 
fact that diffusion is relatively easy in amorphous, as compared to crystal- 
line, materials. In amorphous materials, the rotational movement would 
take place in any direction and the atoms or molecules probably have 
rotational movement in addition to that due to temperature. 

To return to the matter of particle growth, in order for diffusion to 
take place there must be a concentration gradient. Ostwald^ seems to be 
responsible for the idea that at a given temperature the concentration 
gradient is due to the greater solubility of the particles the smaller the 
size. Of course, in no case, even after equilibrium is established, arc all 
of the particles the same size. As particle growth represents increase in 
size and decrease in number of the particles, it is obvious that the smaller 
particles must be completely dissolved to furnish material for the growth 
of the larger ones. Later results indicate® that as the average size of 
the particles become larger a greater difference in size is necessary to 
produce a given differential solubility. Therefore the most favorable 
condition for a high concentration gradient, and hence high diffusion 
force, is that of a very fine dispersion of particles of different sizes. Con- 


® Institute of Metals Tram. (1923) 30, 3. 

^ Z&iL far Phys. Chem, (1900) 496. 

« Jeffries and Archer: Chem. <fe Met. Eng. (Mar. 8, 1922), 
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sider, for example, freshly quenched steel at 100® C. The particles of 
precipitated cementite are very small and the differences in particle size 
will produce high concentration gradients and, hence, high diffusion force. 
The temperature is low so the diffusion resistance is also high. When 
these forces are balanced, the particle size is still very small. Now, if the 
temperature is raised a little, the high diffusion force still obtains but the 
diffusion resistance is lowered. The particles will now grow until the new 
diffusion force just equals the new resistance and a new equilibrium with 
a somewhat larger mean particle size is established. This would account 
for the equilibrium particle size being larger the higher the temperature. 

In complex alloys, the different kinds of atoms have different diffusion 
forces and resistances. In high-speed steel, after quenching, the diffusion 
forces of the carbon, tungsten, chromium, and vanadium atoms are high. 
The diffusion resistance is probably less for carbon than for any of the 
other atoms, because of its small size; at any rate, the carbon diffuses at 
room temperature forming iron carbide. Iron carbide is not the most 
stable compound of the elements involved, as evidenced by the preferential 
formation at a higher temperature (near 500® C.) of a complex carbide 
containing tungsten. The formation of these compounds demands diffu- 
sion because they are the result of crystal formation rather than chemical 
combination and the formation of a crystal requires a number of each kind 
of atom. If, owing to the high diffusion resistance of certain of the atoms, 
the most stable compound cannot fonn, less stable compounds may form 
with those atoms that can diffuse. Hence, we may have reactions going 
on in solid metals governed by availability of atoms rather than by the 
stability of the resulting compound. 

Instances of particle growth in solid metals are much more numerous 
than we might at first suspect; the number will increase as we find better 
ways to produce fine particle dispersions. An unusual example is the 
growth of thoria particles in tungsten. After Langmuir had demon- 
strated the presence of a minute amount of metallic thorium in tungsten 
filaments containing thoria, it seemed probable that even this slight 
solubility of thoria might be sufficient to cause diffusion and particle 
growth. This was found to be so. Fig. 5 shows the fine dispersion of 
thoria particles in tungsten produced by heating the briquetted slug at a 
temperature considerably below the melting point of tungsten. Fig. 6 
shows the deci'ease in number and increase in size of the thoria particles 
produced by heating at a temperature only slightly below the melting 
point of tungsten. The particle growth is gradual as the temperature 
increases. Such growth is significant because it shows the presence of 
free oxygen as well as free thorium atoms in the tungsten space lattice. 
The thorium and oxygen atoms probably leave the smaller thoria particles 
as uncombined atoms and diffuse independently toward the larger par- 
ticles where recombination takes place. The thoria particle growth has 
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been observed so many times that there can be no question regarding the 
point of fact. 

A considerable solid solubility within some temperature range and a 
substantial change in solid solubility with temperature are conditions 
favorable for reversing the particle size by heat treatment. If, for 
example, in duralumin the aluminum lattice is just saturated with the 
alloying elements at the quenching temperature, a suflScient amount of 
hard compound otU precipitate at low temperatures to produce marked 
changes in properties. These particles can be completely dissolved again 
by reheating to the quenching temperature. The pai-ticle size change is 



TEMPERATURE, X 500. 

a reversible one. If, however, there is an excess of the hard particle 
constitutent above the saturation limit at the quenching temperature, 
such excess does not enter into the reversible changes. 

A point that has not been sufficiently stressed in the past is that the 
effect of an apparently insignificant solid solubility may be very marked. 
In the case of thoria in tungsten, there may be 250 times as much thoria 
present as thorium. If the thoria is initially present as particles smaller 
than the equilibrium particle size at some high temperature, this minute 
amount of solid solubility is sufficient to bring the particles up to equi- 
librium size. Thus a slight solid solubility may affect the size and 
distribution of hundreds of times the quantity of the material in solu- 
tion at a given time. In such cases the change in particle size is not 
reversible. There is a smaU reversible change confined in magnitude 
to the actual change in solubility. 

With such an example as that of tungsten and thoria, it is not an unfair 
prediction that hundreds of new examples of particle growth in the solid 
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state will be discovered in the future and that increased knowledge in this 
direction will be of great practical value. Part of this value will be 
due to the direct use of the information but perhaps a greater part will be 
due to the better understanding of subtle structural changes in metals. 

Plasticity of Metals 

In 1899, Ewing and Rosenhain® informed the world that plastic 
deformation of metals takes place by slippage along definite crystallo- 
graphic planes. The mechanism of flow in a crystalline material 
was found to be different from that in amorphous materials like glass. 
The mechanism has been referred to as comparable to increasing 
the overall length of a deck of cards by sliding some of the cards relative 
to others. 

For about two decades metallographists, and occasionally physicists, 
have experimented much and conjectured much in an endeavor to 
throw further light on this phenomenon. Many of the leading metallog- 
raphists, at some time during the last twenty-five years, have worked on 
this problem, especially with reference to the change of orientation of 
crystalline fragments at slip planes. Most of them have arrived at the 
conclusion that the movement at slip planes takes place without change 
in orientation of the crystal fragments. It is interesting to note, however, 
that Mathewson and Phillips^® leaned toward the view that change of 
orientation occurs during plastic deformation. 

During the last few years this problem has been attacked with the 
a;-ray spectrometer and definite answers to some of the contentious ques- 
tions have been provided. Bain and the speaker^^ showed that a few 
large crystals of copper or aluminum or tungsten developed fairly random 
orientations by a moderate amount of working, the work being done at 
room temperature in the cases of aluminum and copper and above about 
1000® C. in the case of tungsten. On reheating above the temperatures 
of recrystallization, the orientations were still quite random but the 
grains were fewer in number and larger. This proved beyond any 
doubt that plastic deformation changes the orientation within the 
original grains. 

Mark, Polanyi, and Schmid, in Germany, studied the deformation 
of single crystals by means of a>ray crystal analysis. They found change 
of orientation at slip planes produced during the ordinary tensile test in 
single crystals of zinc. Conditions for maximum elongation of single 
crystals of zinc were determined. Zinc crystallizes with a hexagonal 

« Phil Tram,, 193, 363. 

Trans. (1916) 64, 608. 

11 Chem. & Mel Eng. (Oct. 26, 1921) 775. 

“ Zeil far Phys, (1922) 12, 68. 
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space lattice and the plane of easiest slip is the base of the unit hexagonal 
prism. Where this plane makes an angle of approximately 45° with the 
wire axis, the crystals are very ductile. Single-crystal wires broken in 
tension at room temperature have shown as much as 600 per cent, elonga- 
tion; broken at 205° C. elongations up to 1700 per cent, have been 
obtained. Although zinc is not regarded as a veiy ductile metal, these 
values for elongation are the highest of any known metal. Unless the 
plane of easiest slip is at an opportune angle, with respect to the wire 
axis, the crystal is relatively brittle. Single-crystal wires of bismuth 
tested at 200° C. showed up to 300 per cent, elongation. In this case, 
also, the plane of easiest slip must make an angle with the wire axis of 
about 45°, or the crystal will be brittle when broken in tension. During 
the process of elongation of the zinc single crystals, the round wire 
changed into a flat ribbon; the width of the ribbon was, at first, slightly 
wider than the original diameter of the wii*e. Slip occurred in a plane 
about 45° from the wire axis and extended across the whole cross-section 
of the wire in such a manner that the intersection of each slip band 
with the wire surface formed an ellipse. The slight widening of the 
ribbon was due to the rotation of the elliptical sections. As the elonga- 
tion increased the general orientation of the crystal changed so that the 
angles of the easiest planes of slip became more nearly parallel with the 
direction of extension. 

In order that conclusions too sweeping may not be drawn from these 
phenomenal results on single crystals, it should be mentioned that all of 
the wires were less than about 2 mm. in diameter and comparable 
results might not be expected in large single crystals. Fine tungsten 
wires composed of single crystals are sometimes ductile at ordinary 
temperatures but larger single crystals have, so far, proved invariably 
brittle cold. 

Since the discovery of the use of a:-rays for crystal analysis by Laiie 
in 1912, and particularly since the development of the so-called ‘'powder 
method'' by HuU,^® in America, and by Debye and Scherrer, in Germany, 
there have appeared occasional references to unusual patterns from 
severely cold-worked metals. Nishikawa and Asahara,^^ for instance, 
reported the results of their investigation at Cornell University in 1919. 
Unusual patterns were obtained on copper, silver, tin, cadmium, and 
thallium. Burger^® in Holland, in 1921, reported that severely drawn 
tungsten wire possessed directional orientation of the crystal fragments. 
A very recent paper by Polanyi and Weissenberg^® covers the interpreta- 
tion of some of these unusual a;-ray patterns. Work has been done along 

“ A New Method of Z-ray Crystal Analysis. Phys Rev,, 10, 661. 

Phys, Rev. (1920) 16, 38. 

“ Physiha (1921) 1, 214. 

Zeit fur Tech. Pkysik (1923) 4, 199. 
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these general lines in the Cleveland Wire Division laboratories of the 
National Lamp Works of the General Electric Co. during the last 
few years, by E. C. Bain and A. B. Gladding, and more recently also by 
Dr. E. Karrer, under the direction of the speaker. We have paralleled 
some of the work of Polanyi and Weissenberg and have obtained some 
results they have not reported on. Our results agree, in general, with 
theirs as regards the structure of severely cold-worked metals. We have 



Fig. 7. — Diffraction pattern of powdered tungsten. 


arrived at somewhat different views, however, with respect to the struc- 
tures of metals that have been severely cold worked and have then 
been recrystallized. Inasmuch as this method of study is, so far, the 
only one known that will give definite answers to questions of the 
orientation of submicroscopic crystal fragments some actual results will 
be considered. 

The basis of the study is the powder method of crystal analysis. A 
fine-grained powder or fine-grained solid material with randomly oriented 
grains diffracts simultaneously x-rays from all possible kinds of crystallo- 
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graphic planes. Fig. 7 is the pattern from tungsten powder produced on 
a flat film, a little more than half of the diffraction pattern being shown. 
Tungsten has a body-centered cubic space lattice. The black spot near 
the bottom center of the figure is produced by the primary x-ray beam. 
This is referred to as the origin. The farther apart the crystallographic 
planes are the closer to the origin will be the diffraction line. Inci- 
dentally the farther apart the planes are, the greater is the atomic concen- 
tration on the plane and the easier is the slip due to external loading. 

The planes are usually designated by their Miller indices. Fig. 8 is 
one of the 110 planes of a body-centered cubic space lattice. The unit 
cube of this lattice has an atom at each corner and one in the center of the 
cube. The length of a side of the unit cube is the unit of measurement 
used in the Miller indices. The Miller indices are the ratios, expressed in 
whole numbers and zero, of the reciprocals of the intercepts of a plane on 


z z 



Fig. 8. — One of 110 planes in body- Fig. 9 — One of 100 planes in body- 

centered CUBIC-SPACE LATTICE. CENTERED CUBIC-SPACE LATTICE. 

the major axes of the crystal system. In cubic crystals, the axes are the 
X, y, and z axes as used in solid geometry. The 110 planes shown in Fig. 
8, for example, would intersect the x and y axes at unit distance from the 
origin and would be parallel to the z axis. The plane is cross hatched 
and the encircled atoms are on the plane. The Miller indices as used 
here refer to a family of planes. Not only do the 110 planes include all 
individual parallel planes with the same atomic spacings but also five more 
sets of planes having the same atomic spacings making specific angles with 
one another. The ratios of the reciprocals of the intercepts are expressed 
in whole numbers and zero because all sets of parallel planes with sig- 
nificant atomic concentration can be designated in this way without 
resorting to the use of a large integer. 

The first line in Fig. 7 is the x-ray diffraction of the 110 planes. The 
following table gives the Miller indices of the planes in the body-centered 
space lattice that diffract the first six lines of the x-ray pattern and the 
number of cooperating planes of each type: 
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Number of Dififraction Line 
from Origin in X-ray Pattern 
for Body-centered Cubic Lattice 

AliUer Index 

1 

j Number of Cooperating Planes 

1 

1 

1 

110 

6 

2 

100 

3 

3 

112 

12 

4 

110 (2) 

6 

5 

130 

12 

6 

111 

' 4 


It will be noted that the 110 planes appear twice. The first line is 
due to the first order diffraction and the fourth line to the second order 



diffraction. The other planes are shown diagrammatically in Figs. 9 to 
12, inclusive. 



Fig. 11. — One of 130 planes in body-centered Fig. 12. — One of 111 planes 

CUBIC-SPACE lattice, IN BODY-CENTERED CUBIC- 

SPACE LATTICE. 


The diffraction pattern of tungsten powder is taken as a standard, 
as regards the intensity of exposure at any part of a line. Because of the 
elliptical shape of the a>-ray beam, the lines are narrower and darker above 
the origin than in the horizontal positions. 
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Fig. 13 is the pattern given by a bundle of severely drawn tungsten 
wires, mounted parallel to one another with their axes in a horizontal 
position and perpendicular to the a;-ray beam. The original ingot was a 
little less than % in. square and the final wire was 0.0006 in. in diameter. 
This corresponds to a reduction in area by mechanical working of 99.9997 
per cent. There are only three spots in the first diffraction line, showing 
that a limited number of directions of orientations of the 110 planes is 
present. If certa,in of the planes are oriented in definite directions, the 



Fig. 13. — Diffraction pattern of severely drawn tungsten wire. 


positions of all other planes are fixed; it is, therefore, only necessary to 
study the fiirst two or three diffraction lines to determine the orientations. 
The crystal fragments of severely drawn tungsten wire are oriented in a 
definite manner. The preferred arrangement of the crystalline particles 
is shown schematically in Fig. 14. One set of 110 planes is in the wire 
cross-section and one set of 100 (cube face) planes is in the wire surface. 
The other two 100 planes make angles of 45° with the axis of the wire 
with their line of intersection on a radius of the wire cross-section. The 
deviations from the preferred orientations are not sufiScient to produce 
additional diffraction spots. In other words, all the spots in Fig. 13 were 
produced by the preferred orientations. 

Some of this wire was heated to a temperature high enough to cause 
recrystallization; Fig. 15 is the resulting pattern. The pattern is the 
same as that of the as-drawn sample, showing that no new orientations 
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were developed on heating. It is not to be concluded that the properties 
of the as-drawn and recrystallized wires are the same or that their micro- 
structures are similar. In the as-drawn vdre, no two adjacent sections 
around the circumference would have the same orientation. In the 
recrystallized wire, the orientation is uniform within any recrystallized 
grain; these grains are large enough to be seen 
under the microscope. In any of the recrys- 
taUized grains, one of the 100 faces will be 
parallel with the wire axis. The 100 planes in 
adjacent grains must make different angles 
with an arbitrarily chosen wire diameter. 

Fig. 16 is the pattern from a molybdenum 
strip rolled, partly hot and partly cold from 
about ^ in. thick to 0.004 in. thick. Many 
orientations are absent. The tendency 
toward selective orientation is shown. The 
prevalent positions of the crystal fragments 
are such as would be produced if a shell of the 
as-drawn tungsten wire could be removed and 
flattened. The diffraction spots are largely 
produced by planes that deviate from these 
preferred positions. The spots from the 110 
planes are due to a deviation of about 10® and 
the spots from the 100 planes to a deviation of 
about 13® from the preferred positions. It 
will be noted that there is no spot on the first 
diffraction line at the left of the origin. Mr. 

Gladding calculated that if the surface of the 
molybdenum strip were tilted about 10® from 
the original position the crystal fragments in 
the preferred direction of orientation would produce a spot at this place 
on the film. Fig. 17 shows how accurate was his prediction. 

Some of the molybdenum strip was annealed at 1050® C. ; Fig. 18 repre- 
sents the a;-ray pattern. The as-rolled strip was set in the holder so that 
the direction of roUing was horizontal whereas the annealed strip, shown 
in Fig. 18, was placed with the direction of rolling vertical. The spots 
in the annealed sample correspond with those in the as-rolled sample, 
showing that recrystallization at a low temperature has produced 
no new orientations. A piece of the molybdenum strip was heated to 
1600® C. ; Fig. 19 is the resulting a;-ray pattern. The grains were large 
enough to show the characteristic individual diffraction but the selective 
orientations persist. 

Although the molybdenum was not rolled far enough to produce 
uniform orientation of the crystal fragments, as in the case of the drawn 



Fia. 14. — Diagram show- 
ing SCHEMATICALLY ORIEN- 
TATIONS OP CRYSTAL FRAG- 
MENTS IN SEVERELY DRAWN 
TUNGSTEN WIRE, 



Fig. 16 . — Diffraction pattern of rolubjd molybdenum strip. 





Pig. 18. — Diffraction pattern of rolled molybdenum strip after anneal- 
ing AT 1050® C. 
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tungsten ^ire, the prevailing orientations are those shown in Fig. 20. 
One of the 100 planes is parallel with the surface and the other two are 
normal to the surface and make angles of 45° with the direction of rolling. 




Fig. 20. — Peefebbei) obibntation of grain fragments in severely rolled 

• MOLYBDBNtTM STRIP. 

Fig. 21 is an a;-ray pattern of cold-rolled Armco iron strip. The 
directional orientations are pronounced but not as marked as in the 
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molybdenum strip. A piece of this iron was heated to 800° C., and still 
showed directional orientation. A piece of the cold-rolled iron was 
heated to 950° C. and cooled rapidly; Fig. 22 is its a;-ray pattern. The 
grains are not sufficiently numerous to do more than indicate the positions 
of the diffraction lines but all suggestion of directional orientation has 
been eliminated. From these results, we come to the conclusion that the 
allotropic transformation in iron at A z produces new and random orienta- 
tions. This conclusion was confirmed by quenching a 0.3-per cent, car- 
bon steel from 900° C. ; the diffraction pattern of this steel is shown in Fig. 
23. The pattern is exactly similar to that of a powder. The sample 



Fig. 21. — Diffraction pattern op cold-rolled Armco iron. 


after quenching was examined under the microscope and the old austenite 
grains were found to be of the same order of magnitude as the ferrite grains 
that produced the pattern shown in Fig. 22. Each austenite grain must 
have transformed into many ferrite grains and these must be randomly 
oriented in order to produce the pattern shown in Fig. 23. 

Tungsten, molybdenum, and iron crystaUize with body-centered 
cubic space lattices. Polanyi and Weissenberg have examined severely 
worked copper and aluminum that crystallize with face-centered cubic 
lattices and have found directional orientation with mostly one set of 111 
planes (easiest slip planes in face-centered lattice) in a cross-section of 
either wire or foil, but in a small proportion of the section one of the 100 
planes (next easiest planes of slip) is parallel to the cross-section. 
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Fig. 22. Diffraction pattern of Armco iron cold rolled and annealed at 950' 
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General Conclusions 

From all the results available, certain conclusions can be drawn. 

1. The mechanical working of an aggregate of grains with random 
orientation gradually changes the orientation of the grain fragments 
produced by slip toward certain definite positions with reference to the 
direction of working. 

2. The definite orientations toward which the grain fragments tend 
are different in the various types of space lattices. 



Fig. 23 — Diffraction pattern of 0 3-pbr cent, carbon steel quenched iPROM 

900° C. 


3. Only in extreme cases of mechanical working are substantially all 
the grain fragments brought into the preferred orientation. In cases of 
extreme rolling, the stiucture of a foil approximates that of a single 
crystal. The structure of a severely drawn wire never approximates that 
of a single crystal. 

4. Due to the tendency toward directional orientation by mechanical 
work and to the uneven progress of different portions of the section toward 
preferred orientations, the first working of an aggregate of large grains or 
of a single crystal that is not initially in the preferred orientation 
produces a change toward random orientations. 

5. The phenomenon of recrystallization is simply the growth of the 
differently oriented grain fragments produced by plastic deformation. , 

6. The allotropic transformation in iron at Az produces 
new orientations. 




326 


THE TREND IN THE SCIENCE OF METALS 


Many other conclusions can be deduced but time does not permit of 
their consideration. Assuming that the conclusions mentioned are 
proved or will be modified to fit more exactly future findings, then all 
facts relating to plastic deformation and to the properties of worked metals 
must be brought into line with the new conceptions. The elaborate 
theories that have been put forward to explain the properties of worked 
metals on the assumption that each grain retains its original orientation 
during plastic deformation must be put in the discard. 

Worked iron and steel can be heated above the upper critical 
temperature and thoroughly random orientations of the ferrite grains can 
be produced. One w^ould anticipate the formation of new and random 
orientations in the alpha?=^beta transformation in brass. Other metals 
that have been worked any considerable amount and that do not have 
such transformations in the solid state will retain the effects of working 
in the crystalline structure whether in the as-worked or the recrystal- 
lized condition. 

We have known for several years that although wires can be drawn 
until they show no appreciable general elongation when broken in tension, 
the reduction of area at the point of fracture is very marked. In the 
finest tungsten wires, the reduction of area is on the order of 60 per cent. 
This fact is easily explained on the basis of the new information on the 
relation between working and crystal structure. Several of the planes of 
easy slip are disposed, in severely drawn wire, in such a manner as to 
make the deformation relatively easy in directions necessary for high 
reduction of area. This is also true of severely rolled sheet. 

Many of you may recall the classical work of the late J. E, Stead^^ on 
“Brittleness Produced in Soft Steel by Annealing.'' This peculiar brittle- 
ness is sometimes referred to as Stead's brittleness. Soft steel sheets 
after annealing below the critical range in certain cases showed cleavage 
fracture on three planes perpendicular to one another. One of the planes 
was parallel with the sheet surface and the other two were perpendicular 
to the surface and made angles of 46° with the direction of rolling. These 
are the preferred positions of the cube faces (100) in a body-centered 
cubic space lattice after severe rolling. The ic-ray results, together with 
Stead's results, demonstrate conclusively that the planes of easiest slip 
(110) are not the planes of easiest cleavage (100). The cleavage planes 
are, however, second in ease of slip. Stead's interpretation of this 
phenomenon was, in general, correct. He states, “We are led from this 
to conclude that, just as light impresses a latent image on a bromide 
photographic plate which cannot be seen but is developed and made mani- 
fest by the action of certain chemical agencies, so the rolling appears to 
impress a latent disposition in the steel to crystallize in certain fixed 


Iron and Steel Inst. (1898) II; The Metallogra'phist (1899) 2, II, 86. 
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positions, and annealing develops it afterwards/’ The degree of 
directional orientation in the as-rolled sheets is probably much greater 
than Stead anticipated. It is, however, the deviation from the preferred 
orientations of many of the grain fragments on a submicroscopic scale 
that accounts for the absence of cleavage brittleness in the as-rolled sheets. 

The metallurgical world practically ignored the lead given by Stead. 
This was one of the problems that could not be answered definitely with 
the tools available; perhaps some thought it never could be answered 
definitely. As is often the case, a majority guessed wrong. 

Knowledge increases slowly when each fact has to be found by random 
hunting; it increases by leaps and bounds as our understanding of funda- 
mentals becomes clearer. By studying grains and crystal fragments with 
the aj-ray, we have obtained a better understanding of the fundamentals 
of the plastic deformation of metals. The determination of the orienta- 
tion of crystal fragments has been the means of changing our own minds 
toward proper orientation. 
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Some Low Copper-Nickel Silvers 

Bt Wm. B. Price,* Ph B., and C. G. Grant, t M. S., Waterbtjrt, Conn. 

(New York Meeting, February, 1924) 

This investigation of low copper-nickel silvers was undertaken to 
check the work of L6on Guillet on special brasses and to determine, 
more accurately, the effect of the addition of nickel on the microstructure 
of the binary alloys of copper and zinc. It was hoped that the results 
could be successfully applied to the practical production of low copper- 
nickel silvers. 

To explain the results of his investigations on special brasses, L6on 
Guillet evolved his conception of fictitious compositions.’^ He states,^ 
in his general conclusions, that on the introduction of a small amount 
of a third metal to a copper-zinc aUoy, it enters into solid solution with 
the normal constituents up to saturation, but by so doing it brings the 
ternary alloy into a state microscopically equivalent to a binary copper- 
zinc alloy of fictitious composition, and physically more nearly like the 
latter than the brass containing copper-zinc in the ratio actually present. 
The physical properties of the ternary alloy, when compared to the same 
properties of an actual brass of the fictitious composition, are modified 
by the natural properties of the third element. Beyond the point of 
saturation, a special constituent appears and the above generalization 
no longer holds. 

For e:!^ample, if a 60:40 brass has 4 per cent, of tin substituted for 
4 per cent, of zinc, the actual composition would analyze 60 :36 :4. Assum- 
ing that 1 per cent, of tin plays the same paxt as 2 per cent, of zinc, the 
proportions of copper and equivalent zinc may be stated as 60 parts of 
copper and 44 parts of zinc, which, figured to 100 per cent., gives an analy- 
sis of 57.7 per cent, of copper and 42.3 per cent, of zinc, the fictitious 
composition for a 60:36:4 tin brass. 

The relation between ternary alloys containing copper and zinc 
together with a third metal, and the microscopically equivalent binary 
alloy of copper and zinc, may be expressed mathematically. 


* Chief Chemist and Metallurgist, Scovill Mfg. Co. 
t Metallurgist, Scovill Mfg. Co. 

^Reo. de MMallurgie Mem., (1905) 97; (1069) 242; (1913) 1130. 
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When a metal added to a brass possesses a coefficient of equivalence 
i, 1 per cent, of this metal will enter into solid solution and replace t 
per cent, of zinc, the proportions thus obtained being figured to 100. 


Let A = real percentage of copper; 

B = real percentage of zinc; 
g = real percentage of third metal. 


Then A + B + g = 100 

Let A' = fictitious percentage of copper; 

B' = fictitious percentage of zinc; 
and t = coefficient of equivalence. 


Then 

and 


A' +B' = 100 


Bi = 


B -\-tq 

+ (B + iff) 


Solving these equations, we obtain expressions for the values of A', 
the fictitious copper content of a given ternary alloy; g, the amount of a 
third metal to be added to a brass in order to produce a ternary alloy 
structurally similar to any given fictitious brass; and t, the coefficient 
of equivalence of a metal of which g per cent, will structurally change a 
given brass to correspond to one of a definite fictitious composition. 


Then 


A' = 
5 = 


100 ^ 


100 + q(t- 1) 
100 {A- A') 
i-1 A' 


100 {A - A') 
'g A' 


These equations are useful in a general way; but as they depend so 
largely on the accuracy with which we can determine the quantity of 
zinc replaced by 1 per cent, of any third metal, their value is always 
open to question imtil this quantity, the so-called coefficient of equivalence 
t, has been firmly established and proved correct. 


Nicked Brasses 

From the general results obtained by L6on Guillet, in regard to the 
effect of the addition of nickel to brasses, and published in the Revue 
de MStaUurgie 1913—20 under the title of “The Important R61e 
Played by Nickel in the Manufacture of Low-copper Ternary Brasses, ” 
it was thought that it would be possible to produce ternary alloys of 
copper, nickel, and zinc that would possess the valuable hot- and cold- 
working properties similar to those found in certain commercial binary 
alloys of copper and zinc. 
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As the coefficient of equivalence t for nickel is a negative value, these 
ternary alloys will contain lower percentages of copper and higher 
percentages of zinc than are found in the binary copper-zinc alloys 
showing similar structural and physical properties. This fact, coupled 
with the natural change in color, increased tensile strength, resistance to 
corrosion, and improved mechanical properties imparted by the addition 
of nickel gave promise of alloys worthy of investigation, both because of 
their microstructures and because of their probable commercial impor- 
tance and value. 

In Table 1 are given some of the results obtained by L6on Guillet 
in his researches concerning the effect of the addition of nickel to brass, 
according to which the coefficient of equivalence for nickel is between 
i = —1.1 and —1.4. 


Table 1. — Data Obtained fro7n LSon GuilleVs Study of Nickel Brasses 



Assay of Alloy 

Fictitious Values of 

Calculated Coefficient 

1 

Copper, Per 
Cent. 

Nickel, Per 
Cent 

Copper Determined by 
Microscope, Per Cent 

of Equivalence, 
t 

First series . ... 

55.10 

0 59 

55.7 

-1.1 


55.14 

1.02 

56 5 

-1.4 


55 95 

2.03 

58 55 

-1.2 


55 41 

5.02 

62 00 

-1 1 

Second series . . . 

49 46 

0.50 

54 7 

-1.1 


49 07 

1 00 

54 7 

-1 1 


49.47 

2 02 

54 7 

-1.1 


49.48 

5 02 

56.0 

-1 3 


49.24 

9 81 

62.0 

-1.1 


Substituting these values for the coefficient of equivalence of nickel 

in the equation A' = 1. ij sl^ows that the accuracy of this 

equation is only approximate when the values of t are known only within 
the limits —1.1 and —1.4. For example, if the ternary alloys of copper, 
zinc, and nickel, containing 5 and 18 per cent, of nickel, respectively, 
which are structurally comparable to a fictitious 60:40 brass, is calcu- 
lated, using first the lowest value of t and then the highest, the differences 
shown in Table 2 will be found. 

The difference between the copper content of a 5 per cent, nickel 
silver, corresponding to the fictitious 60:40 brass, when figured with a 
coefficient of equivalence t = —1.1 and that found when using the value t 
= —1.4 is 0,9 per cent, while for an 18 per cent, nickel silver, when 
calculated in a similar manner, the difference is 3.2 per cent. These 
differences correspond to a percentage variation, when calculated on a 
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basis of 100 per cent, of approximately 1.7 and 8.6 per cent., respectively. 
This variation in copper content, which is small and probably unimpor- 
tant when calculating the copper content of alloys containing low 
percentages of nickel, becomes larger and of proportionally greater 
importance when calculating the amounts of copper contained in the 
nickel-rich alloys. 


Table 2. — Calculated Nickel Brasses Equivalent to a 60:40 Brass Using 
Values of t = —1.1 and —1.4 


Fictitious Binary Alloy 

i 

Coefficient of 
Equivalence 
t 

Equivalent Ternary Alloy 

Per Cent. 
Difference in 
Copper Con- 
tent Calculated 
to 100 Per 
Cent. 

Coj^r, Per 
Cent 

Zinc, Per 
Cent 

Copper, Per 
Cent. 

1 Nickel, Per 
Cent. 

Zinc, Per 
Cent. 

60 

40 

- 1.1 

53.7 

5 0 

41 . 3 ) 

1 7 

60 

40 

- 1.4 

52.8 

6.0 

42.21 


60 

40 

- 1.1 

37 3 

18.0 

44 71 

8.6 

60 

40 

- 1.4 

34 1 

18 0 

47.9 1 



Before attempting to produce low copper-nickel silvers on a commer- 
cial scale, it was of the greatest importance to determine, if possible, 
a more accurate figure for the coefiicient of equivalence of nickel than 
the values given by Guillet. To obtain this value, it was necessary to 
cast, roll, anneal, and examine microscopically a large number of ternary 
copper-nickel-zinc alloys that varied in composition over wide ranges of 
both copper and nickel. For this purpose three large bars of the follow- 
ing approximate compositions were cast. 


Bab No 
1 
2 
3 


CoppBR, Pbb Cunt. 

64 

57 

60 


Nickel, Pbb Cent. 


6 

13 

20 


Zinc, Per Cent 

30 

30 

30 


These bars were used as base alloys from wliich samples of varying 
copper and nickel content might easily be prepared by cutting therefrom 
portions which were melted with the addition of increasingly larger 
amounts of zinc, and casting the melt into small ingots suitable for rolling, 
and examination. These small ingots, containing nickel in 
quantities somewhat less than the original base alloys and copper and zinc 
in progressively decreasing and increasing proportions, respectively, were 
first analyzed, then rolled (in all cases where the malleability was sufficient 
to allow of this mechanical treatment), and portions finally brought into 
a state of at least approximate equilibrium by annealing at 600“ and 800“ C. 
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for 3 hr. The annealed samples were quickly withdrawn from the 
furnace and immediately quenched in cold water. Samples were then 
cut from the quenched alloys, polished, and etched preparatory to micro- 
scopic examination. It was assumed that the time of annealing was of 
sufficient duration tp insure that the structural constituents attained a 
state of equilibrium before the specimens wnre withdrawn and quenched. 
This assumption, while probably somewhat presumptuous, was, we 
believe, sufficiently accurate for the purpose. At least the annealed 
samples are comparable with alloys receiving commercial mill anneals 
and, without doubt, the structural constituents reached a state of equihb- 
rium approximating that which would be obtained by prolonged anneal- 
ing. Errors, such as inaccurate chemical analyses or the personal factor 
inherent with micro-examinations, would probably offset any errors due 
to the attainment of metastable instead of stable equilibrium because of 
insufficient annealing. Any cases in which the observed microstructure 
seemed doubtful were checked by repeating both the chemical and the 
micro-analysis. 

When discussing the constituents of a ternary alloy, we must always 
consider them to be in equilibrium at some definite predetermined 
temperature. As the temperatures of 600® and 800® C. were used through- 
out this research, we will begin by considering the structural constituents 
of the binary copper-zinc alloy when in equilibrium at these two tempera- 
tures. The four most interesting binary alloys, when considering the 
structural constituents of copper-zinc alloys in equilibrium at 600° and 
800® C., are those which, at the above temperature, lie on the transition 
or division lines separating alloys that consist entirely of alpha solid 
solutions from those containing a mixture of the alpha and beta solid 
solution, and those that lie on the transition line separating the alpha 
+ beta alloys from those composed entirely of beta solid solution. The 
four copper-zinc alloys that structurally change from alpha to alpha + 
beta and from alpha + beta to beta at 600° and 800® C. are ; 

CoppBB, Zinc,* Pbb 
Pbk Cbito. Cent. 


A . . ... , 64.2 36 8 \ p / Alpha to alpha + beta 

B... , 66.6 43.4 / * \ Alpha -f beta to beta 

^ , . 67.3 32 7 1 p ( Alpha to alpha -f- beta 

B 60.9 39.1 / ’ I Alpha -h beta to beta 


All alloys containing less than 35.8 per cent, of zinc consist entirely 
of alpha solid solution; those with more than 35.8 per cent, and less than 
43.4 per cent, of zinc are composed of a mixture of alpha and beta solid 
solutions; while those with more than 43.4 per cent, of zinc are composed 


®C. H. Mathewson and Philip Davidson: Metallography of Brass. J 7 lL Am. 
Inst, of Metals (1917) 11, 14. 
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entirely of beta solid solution when in equilibrium at 600^ C. The same 
is true for alloys in equilibrium at 800° C., when containing larger, inter- 
mediate, and smaller percentages of zinc than alloys C and D. 

Table 3 shows the copper-nickel-zinc alloys calculated from L^on 
Guillet^s formula, using coefficients of equivalence ranging from —1.1 to 
— 1.4, that should microscopically correspond to these four alloys when in 
equilibrium at the same temperatures. This table illustrates the influ- 


Table 3. — Binary Copper-zinc Alloy and Their Calculated Equivalent 
Ternary Alloys ^=— 1.1 to —1.4 Inclusive 


Binary Alloys 

Equilibrium 
Temperature, 
Degiees C 

Coefficient of 
Eqmvalenee, t 




Ternary Alloys 




Micro-siructui e 

Copper, 
Per Cent 

Zinc, Per 

u 

J 

Coppei , 
Per Cent 

Nickel, 

Per Cent 

Zinc, Per 
Cent 

— 

Copper, 

Per Cent 

Nickel, 

Per Cent 

1 s 

Copper, 

Pei Cent 

Nickel, 

Pei Cent 

Zinc, Per 
Cent 

64 2 

35 

8 

600 

-1 1 

56 1 

6 

DifF. 

48 0 

12 

Diff. 

30 9 

18 

Diff 

Alpha 

64 2 

35 

8 

600 

-1.2 

55 7 

6 

Diff 

47 3 

12 

Diff. 
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7 
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7 
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43 3 
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34.6 

IS 
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ence of the coefficient of equivalence t in the equation A' = 'iQo"^ gY^-. 'i ) 

and shows how necessary it is that this factor t be known within the 
smallest possible limits. Figs. 1 and 2 show the position of the alpha + 
beta field when calculated by this equation, using values of ^ = —1.1 
and — 1.4. 


Experimental Results 

The results of this investigation, obtained from chemical analysis 
and microscopic examination of alloys prepared in the manner described, 
are given in Table 4, and are shown in diagrammatic form in Figs. 3 and 4. 

These tabulated results and the diagrams show that the coefficient 
of equivalence t varies between the values —0.91 and —1.33. This is a 
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total variation of 0.42 which is even greater than the variation given by 
Guillet, However, regardless of these variations, we have concluded, 
after careful consideration of the variations in chemical analysis of alloys 



Fig. 5. — AlloyNo. 3.; 600° C,; copper Fig. 6. — Alloy No. 3; 800® C.; cop- 

58.7 PER CENT., NICKEL 5.87 PER CENT.; PER 58.7 PER CENT., NICKEL 5.87 PER 
ETCHED WITH NH4OH -f- H2O3 AND CENT.; ETCHED WITH NH4OH + H 20 a 

FeCU. X 76. AND FeCls. X 75. 



Fig. 7. — Alloy No. 8; 600° C.; cop- Fig. 8. — ^Alloy No. 13; 600° C.; cop- 
per 49.67 PER CENT., NICKEL 6.4 PER PER 50.25 PER CENT., NICKEL 11.46 PER 
CENT.: ETCHED WITH NH4OH + H2O2 CENT.; ETCHED WITH NH4OH + H2O2 
AND FeCls. X 75, AND FeCls. X 75. 


lying on either side of the boundary lines between the three structural 
fields and the general appearance of these allo3rs under the microscope, 
that the value ^ — 1.1 is the most accurate figure to use when calculating 

the fictitious compositions ” of all nickel silvers. 
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The microstructiire of some of the alloys made up for this investiga- 
tion are shown in Figs. 5 to 14. Figs. 5, 8, and 11 show that alloys 
Nos. 3, 13, and 24 consist entirely of alpha solid solution at 600® C.; 



Fig. 9. — Alloy No. 13; 800° C.; cop- Fig. 10. — Alloy No. IS; 600° C.; cop- 
per 50.25 PER CENT., NICKEL 11.46 PER PER 42.09 PER CENT., NICKEL 11.63 PER 
CENT.; ETCHED WITH NH4OH -f H2O2 CENT.; ETCHED WITH NH4OH + HjOa 

AND FeCh. X 75. AND FeCls. X 75. 



Fig. 11, — Alloy No. 24; 600° C.; cop- Fig.. 12. — Alloy No. 24; 800° C.; cop- 
per 43.2 PER cent., nickel 16.2 per per 43.2 per cent., nickel 16.2 per 
CENT.; etched with FeCla. X 75. cent.; etched with FeCls. X 75, 

but Figs. 6, 9, and 12 show that at 800° C. a second constituent is pres- 
ent and that these same alloys are composed of the alpha solid solution 
plus a small amount of beta solid solution. AUoy No. 8, consisting of 
beta solid solution plus a trace of alpha, is shown in Fig. 7. Figs. 10 and 

VOL. LXX. 22 
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14 show alloys Nos. 18 and 33 annealed and quenched at 600® C. These 
alloys, containing 42.09 per cent, copper, 11,63 per cent, nickel, and 36.63 
per cent, copper, 15.33 per cent, nickel, respectively, both consist entirely 
of beta solid solution. Fig. 13, of alloy No. 27, shows the microstructure 
of an alloy lying well within the alpha plus beta field when in equilibrium 
at 600® C. This photomicrograph^illustrates a departure from the well- 
known alpha + beta structoe commonly observed, and shows an alloy 
in which islands of alpha appear scattered throughout a groundmass of 
beta. Beta is also observed within these islands of alpha. 



Fig. 13. — Alloy No. 27; 600° C.; cop- Fig. 14. — Alloy No. 33; 600° C.; cop- 
per 39.8 PER CENT., NICKEL [16.47 PER PER 36.63 PER CENT., NICKEL 15.33 PER 
CENT.; ETCHED WITH FcCIb. X 75. CENT., ETCHED WITH FeClj. X 75. 


Alloys Nos. 1 to 5, 10 to 14, 21 to 24 inclusive were sufficiently mal- 
leable, as cast, to permit of cold rolling; but all others were too brittle 
and cracked when subjected to this treatment. 

The 6 per cent, alloys varied in color from pale gold to a yellowish 
white; the 12 per cent, alloys were all white with a yellowish cast; while 
those with higher nickel content varied from a white to a silver white, 
those with the lowest copper being nearest to silver in appearance. 

Hot- and Cold-working Allots 

From general observation, it seems that those alloys in which the 
alpha grains are completely surrounded by an envelope of beta, when 
hot, and consist, when cold, entirely of alpha or alpha plus the smallest 
trace of beta are the best alloys for both hot and cold working. Alloys 
in which there is any great amount of beta present are decidedly 
brittle and, when subjected to cold working, showed a great tendency 
to crack. 
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Those alloys that come within these specifications, that is, structurally 
consist of alpha plus a slight envelope of beta while hot, but consist 
almost entirely of the alpha constituent when cold, are listed in Table 5 
and diagrammatically represented in Fig. 15. 

The best alloys for both hot and cold working lie within a very narrow 
range. It is, without question, rather hard always to keep within this 
narrow range when producing these alloys on a commercial scale, but 
we have fabricated some of these hot- and cold-working alloys on a 
commercial scale quite successfully. A comparison between the physi- 
cal properties of two 7 per cent, nickel silvers is shown in Table 6. 



Fig . 15. — Alloys suitable for hot and cold working. Alloys included 

BETWEEN TWO PULL LINES WII.L POSSESS BEST HOT- AND COLD-WORKING PROPERTIES; 
THOSE SLIGHTLY TO RIGHT OP THIS FIELD CAN BE HOT-WORKED BUT ARB LIABLE TO BE 
HARD AND BRITTLE WHEN COLD; ALLOYS TO LEFT OF THIS FIELD CAN BE COLD-WORKED 
BUT WILL BE BRITTLE WHILE HOT. 


Alloy A is a good cold- working alloy but is imsuitable for hot working; 
alloy B, with approximately 8 per cent, less copper has the greater 
ductility and strength. It also has a lower melting point, is of good 
color, is amenable to both hot and cold working, and is suitable for many 
purposes for which alloy A is entirely unfit. 


Table 5 — Compositions of HoU and C old-working Nickel Silvers 


Per Cbnt 
Niokbl 

Per Cent 
Copper 
Minimum 

Per Cent 
Copper 
Maximum 

Per Cent 
Copper 
Desired 

Per Cent. 
Nickel 

Per Cent 
Copper 
Minimum 

Per Cent 
Copper 
Maximum 

Per Cent 
Copper 
Desired 

4 

59 00 

61.50 

60.26 

12 

48.00 

50 20 

49.10 

5 

57 00 

60 00 

68 50 

13 

47 00 

49 00 

48 00 

6 

66 00 

59.00 

57 60 

14 

45.20 

47.50 

46.20 

7 

56.00 

67 50 

56.20 

16 

44 00 

46.00 

46.00 

8 

53.50 

56.00 

64 20 

16 

42.50 

44.60 

43.60 

9 

52.00 

64.50 

53 20 

17 

41.00 

43.00 

42.00 

10 

51.00 

53.00 

52 00 

18 

40.00 

42.00 

41.00 

11 

49 50 

51.50 

60.00 






Conclusions 

The best value for the coefficient of equivalence t to be used in cal- 
culating the fictitious compositions of binary copper- zinc alloys structur- 



Tabi^ Comparison between Physical PropeHies of Two 7 Per Cent. Nickel Silvers, One of Which Is a Good 
Commercial Hot- and Cold-^oorhing Alloy 
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ally and physically similar to given ternary copper-nickel-zinc 
alloy is —1.1. 

Low copper-nickel silver can be made ranging in color from a pale 
gold to a yellow white to a silver white, depending on the amount of 
copper and nickel present. 

Alloys can be produced having good hot- and cold-working properties, 
but these alloys lie within a very narrow range and great care must be 
taken to keep the composition within this specified zone. The color of 
these alloys compares favorably with the color of the standard cold- 
working nickel silvers now on the market. Some of these alloys also 
have the added advantage of greater ductility and tensile strength. 
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Effect of Severe Cold Working on Scratch and Brinell 

Hardness* 

By Hbxby S. RawdonI and Willabd H. MuTCHLBRjt Washington, D. C. 

(New York Meeting, February, 1924) 

As PART of the study of the scratch-hardness method for metals and 
alloys in cooperation with one of the technical committees of the American 
Society for Testing Materials, the authors devoted considerable time to 
the study of the changes in hardness of metals when cold rolled. Various 
seemingly contradictory statements in the technical literature concerning 
the appUcability of the scratch-hardness method to such cold-rolled 
materials were among the principal reasons for the investigation, the 
results of which are in part presented here. The effect of cold deforma- 
tion, at least in moderate degrees, on the hardness as measured by the 
Brinell and other common methods is so well known that further reference 
is unnecessary. 

Concerning the scratch hardness of cold-worked metals. Martens and 
Heyn state^ that hardness, whether measured by the ball-pressure method 
(Kugeldruck) or by the scratch method (Ritzverfahren), will be increased 
by cold deformation. Jeffries and Archer give a seemingly diametrically 
opposite view. They state,^ that “the sclerometer (indicating scratch 
hardness) shows little difference between cold-worked and annealed 
metals.^^ Portevin® has shown that the rate at which the Brinell hard- 
ness of cold-worked copper and brass increases is very high for relatively 
slight deformation after which it drops to zero, while Merica and Walten- 
berg^ have observed that monel metal shows evidence of softening on 


* Published by penaission of the Director of the Bureau of Standards, 
t Physicist, Bureau of Standards, 
t Laboratory Assistant, Bureau of Standards. 

1 Martens-Heyn: Materialienkunde ftir den Maschinenbau, II A, 260. 

® Jeffries and Archer: The Properties of Cold-Worked Metals: Chem. & Met Eng, 
(1922) 27, 880. 

» A Portevin; La duret4 k la bille du cuivre et des laitons 6crouis. Rev. de Met 
(1919) 16, 236, 

^ Unpublished work on monel metal carried out at the Bureau of Standards by a 
representative of the International Nickel Co. 
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severe cold working. Other statements might be quoted,® showing the 
anomalous changes in the properties of metals on cold working. The 
authors believe that the results presented here will help reconcile the 
seemingly contradictory statements just quoted. 

Method and Materials 

The method employed in this study consisted of the cold rolling of 
various annealed metals without any intermediate annealing and the 
determination of the hardness at various stages of the rolling. The rate 
of deformation was regulated as carefully as was possible with the small 
hand-operated rolls used, and the rolling was continued as far as the 
apparatus would permit, without resorting to the device of rolling several 
sheets in one operation. The results summarized in Table 1 are typical 
of the rolling conditions of the various metals used. After the reduction 
of the strip to an approximate thickness previously decided on, a portion 
was sheared off and saved for hardness determinations and the rolling 
continued until the strip was reduced suflEiciently for the next specimen; 
and so on. In the case of the very soft metals, tin, aluminum, and zinc, 
the hardness was determined immediately after rolling so as to obviate 
any possible '^self-annealing^' effect. 

The hardness was determined by means of the scratch method, the 
instrument described by C. H, Bierbaum® being used. The width of the 
cut produced was measured at a magnification of approximately 500 
diameters. Hardness determinations by the Brinell method were also 
made. A "dead-weight" instrument that employs a 1.69-mm. (Ke-iii-) 
ball and 6.4-kg. load was used^ for this purpose. 

To show the permanence of the effect produced in the metal by cold 
deformation, specimens of copper rolled to different thicknesses were 
annealed at 100° C. for different lengths of time, after which the hardness 
was redetermined. Likewise a set of the cold-rolled copper strips was 
fully annealed (460° C.) and the hardness then determined in order to 
check out the possible effect that the thinness of the specimen might 
have on the results of the hardness tests. 

Results 

The results summarized in Table 1 for annealed commercial cast cop- 
per and represented graphically in Fig. 1 are typical of the results obtained 


*See, for example, W. E. Atkins: The Effect of Progressive Cold Drawing upon 
Some Physical Properties of Commercially Pure Copper. Jrd. Inst, of Metals (1920) 
23, 381. 

« C. H. Bierbaum : A Study of Bearing Metals. Trans. (1923) 69, 972. 

^H. S. Rawdon and E. Jimeno-Gill: Bur. of Stand. Sd. Paper 397. 
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for all the metals used. A marked increase in hardness, as measured by 
the Brinell and the scratch methods, during the initial stages of deforma- 
tion was noted in all cases. The behavior of the metal in this regard 





does not continue, however, throughout the process of deformation; a 
maximum hardness is reached and a reversal occurs, the specimen becom- 
ing softer as the cold working is continued. After one becomes accus- 
tomed to the “feel” of the metal in operating the rolls, the changes in the 



Fig. 2. — ^RbLATION op scratch HARDNRSS op BIBGTROLYTIC copper (trNMBLTBD) 
TO AMOUNT OP COLD ROLLING RECEIVED. 

hardness can be readily noted. If any cracking or splitting occurs, it will 
take place during the stages of deformation represented by the descend- 
ing branch of the purve, usually near the minimum; that is, at the time of 
greatest hardness. The deformation corresponding to the second or 
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ascending branch of the curve can be carried out much more easily and 
with much less chance of damaging the strip by cracks or splits than can 
the initial deformation. 



The following materials were cold rolled in the manner indicated: 
commercial cast copper (annealed), electrolytic copper (unmelted), 
electrol 3 rtic iron (vacuum fused), 0.21-per cent, carbon steel, aluminum 
(99.9 per cent,), commercial aluminum, zinc (99.98 per cent.), Benedict 



Fig. 4, — ^Hardness changes produced in electrolytic iron, vacuum fused, by 

SEVERE COLD ROLLING. 

metal (nickel 20 per cent., copper 80 per cent.), tin (99.997 per cent.). 
The general form of the curve showing the relation between defor- 
mation and resulting hardness was the same in each case, as shown in 
Figs. 1 to 6. 
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Fig. 5(6). — ^Eftect of annealing on Bbinbll hardness of commercial copper 

PREVIOUSLY COLD ROLLED, AS IN FiG. 1, 
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In the case of the softer metals, zinc, aluminum, and tin, most of the 
hardness tests were taken immediately after rolling in order to avoid any 
possible change resulting from ''self annealing. The results summarized 



Fig. 6(a). — S cratch hardness changes in commercial copper resulting on 
COLD rolling annealed SPECIMENS VARYING IN THEIR INITIAL THICKNESS. 

below, showing the changes produced in cold-rolled copper by low-tem- 
perature annealing, indicate that self-annealing if it did occur would not 
change the general form of the hardness curve, at least for a considerable 
length of time. 



Fig 6(&). — Brinbll-hardnbss changes in commercial copper resulting on cold 

ROLLING ANNEALED SPECIMENS VARYING IN THEIR INITIAL THICKNESS. 

The effect of low-temperature annealing on the hardness of cold-rolled 
strips of commercial copper is shown in Fig. 6(a) and (6). The specimens 
were annealed (100® C.) in an electrically heated laboratory oven. 
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Fig. 7. — Micbostbuctdeal changes induced in blectrolytco coppbb by vabi- 
OUS DEGBEES OP COLD BOLLING. X 600. 

(a) Initial condition, 0.167 in. thick annealed; (6) cold-bolled, dbfobma- 

( T \ T T 

YJ 2.1; (c) COLD-ROLLED, -y- « 4.1; (d) cold-rolled, y as 8.3. 
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Fia. 7. Continued. — Microstructural changes induced in electrolytic copper 
BY various degrees OP COLD ROLLING. X 600. 

T T 2^0 

[{e) COLD-ROLLED, -y° = 14.3; (/) COLD-ROLLED,^ =22.4; {g) cold ROLLED, ^ = 

62.3. * Etching reagent throughout, ammonium hydroxide and hydrogen 
PEROXIDE. 
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Although the copper became materially softer on annealing, the differ- 
ences in hardness between the strips that had received different degrees of 
cold working were pronounced even after 6 hr. heating at 100° C. After 
heating all the specimens of one rolling of commercial copper for 30 min. 
at 450° C., it was found that aU had the same scratch hardness, thus 
demonstrating that the hardness differences noted for the cold-rolled 
strips represented real differences in the metal and not a mere consequence 
of the increasing thinness of the strips. 

In Fig. 6(a) and (6) are given the results obtained by cold rolling 
three strips of the same material (commercial copper) that differed 
materially in their initial thickness. Strips of M initial 

thickness were used. The results show that two roUed specimens having 

To 

the same deformation ratio are not necessarily of the same hardness. 

As might be predicted, the initially thinner specimens harden more 
rapidly, that is at the lower deformation ratios, than do thicker ones, 
for the same pass reduction. 

In Fig. 7 are shown the changes in microstructure which result from 
cold rolling electrolytic copper without any intervening annealing during 
the process. The curves showing the accompanying hardness changes 
of tMs material are given in Fig. 2. The photomicrographs show that 
softening of the metal by severe deformation does not occur until all 
evidence of the crystal structure has been destroyed. Deformation of 
the crystals with the characteristic “sHpping” in the interior of the grain 
accompanies the hardening of the metal during the initial stages of cold- 
rolling. By the time the metal attains its maximum hardness, the 
crjrstalline structme has been very much distorted and further rolling 
gives rise to structure having a uniform fibrous appearance, as seen in 
longitudinal sections perpendicular to the rolled surface. The true shape 
of the deformed grains is that of extremely thin flat scales. 

Discussion 

The results obtained in this investigation explain satisfactorily the 
seemingly contradictory statements that have been made concerning the 
scratch hardness of cold-rolled metals. Inasmuch as the degree of cold 
rolling is not usually mentioned, it is not surprising, in the light of the real 
nature of the effect produced by cold rolling, that such statements have 
been made. Evidently most generalizations concerning the hardening 
effect of cold deformation and the method by which this effect is brought 
about have been based on results obtained vrith metals subjected to rela- 
tively low degrees of working, that is to the descending branch of the 
complete curve. 

The authors are not attempting any explanation of the underlying 
cause of the reversal in the hardening process of metals on severe cold 
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deformation. Any theory that might be advanced demands more sub- 
stantiating experimental evidence than the investigation, in its present 
stage, affords. Experiments on the severely worked metals involving the 


Table 1. — Progressive Cold Rolling of Commercial Copper 


Specimen 

Number 

Thick- 

ness, 

Inch 

Reduction 
m Thick- 
ness by 
Cold Work, 
Inch 

Reduction 

Ratio,® 

T 

Number of 
Pas8% 
through 
Rolls to 
Effect 
Reduction^ 

1 Hardness 

Bnnell 

Hardness 

Number 

1 Width of Scratch, in Microns* 

Longi- 

tudinal 

Transverse 

Average 

1 

0 400 

0 0 

0 

0 

95.5 



5 36 

2 

0 212 

0 188 

1 89 

21 

104 8 

4 67 

5 20 1 

4 93 

3 

0 134 

0 078 

2 98 

18 

112.4 

4 34 

4 29 

4 32 

4 

0 096 

0.038 

4 17 

15 

107 8 

4.71 

4.72 

4 71 


0 045 

0 051 

8 9 

11 

100 9 

6 92 

6 94 

6.93 

6 

0 030 

0 015 

13 3 

6 

93 3 

7 41 

7.46 

7 43 

7 

0 020 

0 010 

20 0 

5 

88 0 

7.94 

7 86 

7 90 

8 

0 010 

0 010 

40.0 

5 

SO 0 

9 22 

9 02 

9 12 

9 

0 006 

0 004 

60 7 

2 

74 7 

10 26 

10 34 

10 30 

10 

0.004 

0 002 

100 0 

2 

60« 

11 16 

11 07 

11 11 

11 

0 0015 

0 0025 

266 0 

2 

45i 

11.71 

11.81 

11 75 


« 2’o, initial thickness; 7’, thickness of cold-rolled strip. 

The roll setting was changed after each pass 
« 1 micron 0 001 mm. 

** Very approximate, because of thinness of strip 


Table 2. — Effect of Low-temperature Annealing on Hardness of Severely 


Cold-rolled Copper 


Speci- 

men 

Number® 

Thick- 

ness, 

Inch 

Hardness after Annealing at 100** C. 

Scratch 

Hardness 

after 

Annealing 
450° C 

30 min , 
Microns 

1 Hour 

3 Hours 

6 Hours 

Brinell 

Hardness 

Number 

Scratch, 

Microns 

Bnnell 

Hardness 

Number 

Scratch, 

Microns 

Bnnell 

Hardness 

Number 

Scratch, 

Microns 

1 

0 400 

60 0 

7 01 

63 0 

7 63 

58 5 

10.19 

15 20 

2 

0 212 

76 5 

5.84 

72 0 i 

6 41 

61 0 

S 50 

15 03 

3 

0 134 1 

78 0 

5 11 

75 0 ] 

5.70 

64 0 

7 86 

16.22 

4 

0 090 

08 0 

5 77 

7i 0 

6 69 

62 0 

9 32 

15 35 

5 

0 045 

66.0 

7 63 

60.0 

8.34 

67 0 

10 46 

15 19 

0 

0 030 

63 0 

8.38 

67.0 

9.30 

64 0 

11 IS 

15 20 

7 

0 020 

55 5 

8 97 

65.0 

9.92 

52 6 

12 22 

16.15 

S 

0 010 

58 0 

10 27 

65.0 

11 22 


12 48 

15.13 

9 

0 006 

54.0 

11 35 

52 5 

12.72 

52 0 

12 83 

15.21 

10 

0.004 

50 5 

11 96 

32 0 

13 06 


13.79 

16 20 

11 

0 0015 


12.45 


14 04 


14 06 

16 17 


« Specimens listed in Table 1 were used. 


determination of density and the atomic changes, as revealed by the 
rc-ray crystallographic methods, are in progress; it is hoped that these 
will throw some light on this subject. Additional work on rolling is also 
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planned. This will include a study of the hardness of the interior of the 
cold-rolled strips, that is, as measured on sections perpendicular to the 
surface in addition to the “surface hardness.’^ The possible effect of 
the temperature of the strip while being rolled will also receive attention. 

SVUUARY 

1. The hardness changes that occur in metals as they are pro- 
gressively cold rolled were measured by means of the small Brinell 
testing set and by the scratch-hardness method. 

2 . During the initial stages of rolling, the metal hardens rapidly. A 
maximum in hardness is reached, however, at a relatively low-deforma- 
tion ratio (initial thickness to final thickness) and a reversal occurs, 
the metal becoming softer as the deformation is continued. In most 
cases, the severely cold-rolled sheet was softer than the metal in its 
initial condition. 

3. All the metals used gave the same general form of hardness- 
deformation curve. 

4. Annealing the cold-rolled strips at a low temperature (100° C.) 
softened aU of them appreciably. The general form of the hardness- 
deformation curve was still maintained, however. 

5. AH the cold-rolled strips of any series, after full annealing, gave the 
same scratch hardness, thus showing that the test results were independent 
of the thinness of the strips. 

6. During the hardening period in continuous cold working, deforma- 
tion of the crystals by slipping occurs. In the severely cold-rolled speci- 
mens that showed appreciable softening, all evidence of the previously 
existing crystalline condition had been destroyed. 


DISCUSSION 

W. H. Bassett, Waterbury, Conn, (written discussion). — A study 
of the paper shows that the authors’ results are at variance with the 
general experience in the cold rolling of copper and copper alloys. It is 
common rolling-mill experience that the non-ferrous metals and alloys 
increase in hardness and tensile strength, and decrease in ductility up to 

a deformation ratio Rawdon and Mutchler, nomenclature^ of 4)^ to 

5. The rates of hardness changes for given amounts of reduction by 
rolling, or drawing, following a given heat treatment have been so thor- 
oughly worked out that the physical properties of the materials can be 
practiced within reasonably close limits. The general experience 
follows that of the authors as to rapidly increasing hardness with slight 
deformation, the increase progressing more slowly with still further 



DISCUSSION 


353 


deformation, but no point has been known at which a reversal takes place. 
Contrary to the authors’ findings, the hardness and tensile strength con- 
tinue to increase with greater deformation, the rate approaching zero 
as a limit. 

After we received this paper, we cold rolled annealed commercial 
copper from 1 to 0.006 in., measuring the hardness by means of Brinell, 
Rockwell, and scleroscope tests. The results are given in Table 3 and 
are plotted in Fig. 8, in comparison with those in Table 1. 


Table 3. — Progressive Cold Rolling of Commercial Copper^ 



Reduction 

Ratio® 

To 

T 

Number of 
Passes 
through 
Rolls to 
Effect 
Reduction** 

Rockwell Hardness 


Bnnell 
Hardness, 
500 Kg 
Weight, 
lO-mm 

BaU 

Thiokness, 

Inch 

100 Kg 
Weight, 

60 Kg. 
Weight, 

100 Kg 
Weight, 

Sclero- 

scope 

1 25& 

0 


-10 5 

-18 

-59 

10 0 

44 9 

0.632 

1.98 

5 

+56 0 

+10 9 

- 6.5 

37 5 

107 

0 363 

3 44 

3 

63.9 

11 9 

- 3 0 

40 5 

114 

0 212 

5.90 

2 

64.8 

12 9 

- 0.5 

42 0 

117 

0 140 

8.93 

1 

69 8 

13 7 

+ 1 0 

43 5 

122 

0 090 

13.9 

2 

70.6 

14.1 

+ 1.5 

47 5 

123 

0 059 

21 2 

2 

70.5 

14.0 

0 

48 5 

124 

0 039 

32 1 

2 

72.6 

13 9 

0 

49.0 

122 

0 032 

39 1 

1 

72.6 

14 1 

- 0.5 

49 5 


0 026 

48 1 

1 

72 6 

14 1 

+ 0.6 

48 5 


0 022 

56 8 

1 

72 6 

14 6 

1 3 

47 0 


0 018 

69 5 

1 

72 4 

14 4 

2 0 

47 0 


0,013 

96 2 

2 

69.7 

14 8 

2 8 

47 0 


0 009 

139 

3 

43 6 

15 8 

3 5 

48.5 


0 007 

179 

2 

60 4 

15 9 

- 2 0 

49 5 


0 006 

217. 

6 

73 

13 9 

- 5 5 

52 5 



® Copper 4- silver 99.953 per cent. 

& Hot rolled from 4 to 1.26 in. and allowed to cool from red heat. 

« To, initial thickness; T, thickness of cold-rolled strip. 

Rolls of 20 in. diam.; copper cooled at each sampling point; copper sawed to 
5 in. wide strip at l>i in.; but widened to 6?4 in. at 0.0006 in. 


These results show an increase in hardness; but no softening is indi- 
cated save in those cases where the method of testing was unsuitable 
because of the thinness of the metal. The authors’ curve, on the other 

hand, shows an increase in hardness up to a reduction ratio ("^) of 2.98, 

and then drops very rapidly. We note that the authors started this 
experiment with copper that had a Brinell hardness of 96.5, which, from 
our tables and their own data, indicates that their original bar was 

hard ^approximately 29 per cent, reduction or ^ = l.s)* 

VOL. LX3C, — 2B 





p_L* Jfl.a Initial Thickness 
T Thickness offer Rolling 


Fig. 9. — Cold bolling op cosoibrcial copper prom 1.250 in. to 0.006 in. 
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As no scratch-hardness apparatus was available, we tested by the 
following methods, which if not entirely standard are, at least, compara- 
tive in a single series of samples. The standard Brinell hardness test 
(500-kg., 10-mm. ball) is not practical for testing hard copper thinner 
than 0.060 in., therefore our results have not been plotted farther than 
this gage. The Rockwell test, using a 100-kg. weight and a t>all 

shows erratic results on hard copper thinner than 0.022-in. With a 
60-kg. weight and with a ball, the test shows erratic results on 


Ra-fjo Jfl. ^ Iniiial Thickness 

T Thickness after tolling 



Fro. 10. — Comparison of methods op plotting Brinell hardness op brass. 

Tq Initial thickness To - T ^ 

Upper curve is ^ ~ > lower curve is — Tfr- 

T '1'hickness after R0I<LTNG j- 0 

PbB cent. BBDtrCTION BT BOLLING. 


■ X 100 ^ 


hard copper thinner than 0.007 in. The Rockwell test, using a 100-kg. 
weight and a J'l-in. ball, gives poor results on hard copper thinner than 
0.009 in. The scleroscope (vertical type, magnifier hammer) begins to 
show the effect of the thinness of the copper at about 0.026 in. 

The results of tensile strength and elongation data on the same cold- 
rolled copper series are given in Fig. 9 and Table 4. 

Tests upon cold-rolled brass show a progressive increase in hardness 
similar to that of copper; the data on brass, Table 5, are plotted in Fig. 10. 

The hardness curves that we have presented closely resemble those 
made by A. Portevin® whose plotted data are carried to a maximum 


® A. Portevin: Rev, de Met (1919) 16, 235. 
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Table 4. — Progressive Cold Rolling of Comrnercial Copper' 


1 

Thickness, 

Inch 

Tensile Strenrth,® 
Lb per Sq In. 

Elongation, 

in 2 in 

a Per Cent 

in S in. 

Reduction Ratio 

To 

T 

1.25 

31,200 

64 0 

40 4 

0 

0 632 

49,650 

IS 0 

4 94 

1 98 

0.363 

55,450 

11 0 

3 26 

3 44 

0 212 

58,550 

9 5 

2 S8 

5 90 

0 140 

61,300 

a S 

1 75 

8 93 

0.090 

63,050 

7 5 

2 78 

13 9 

0 059 ; 

; 64,100 

4 5 

1 44 

21 2 

0.039 

66,750 

1 5 0 

2 08 

1 32 1 

0.032 

67,050 

1 6 0 i 

2 39 

39 1 

0.026 

> 67,050 

1 5 3 

2 67 ! 

48 1 

0.022 

1 67,350 

1 7 3. 

3 51 

56 8 

0.018 

! 67,700 

6.0 ! 

2 77 

69 5 

0.013 

67,500 

6.5 ; 

3 13 

96 2 

0.009 

67,750 

3 3 ; 

1 16 

139. 

0 007 

67,550 

5 3 

2 12 

179. 

0.006 

66,700 

2-0 1 

1 

0 69 

217. 


“ Average of two tests. 


Table 5, — Progressive Cold Rolling of Common Brass 


Thickness, Inch 

Reduction Ratio 

To 

T 

Reduction Per Cent 

Bnnell Hardness, 
600-kg , 
lO-mm Ball 

0.600 

! 0 00 

0 0 

51 

0.430 

1 1 39 

28 3 

127 0 

0.350 

1 1 71 

41 7 

154.0 

0.300 

2 00 

60 0 

158 0 

0.262 

2 29 

56 3 

167 9 

0.229 

2 62 

61 8 

170 7 

0.201 

2 99 

66 5 

174 7 

0 178 ' 

3 37 

70.3 

182 3 

0 154 

3 90 

74 3 

182.3 

0.133 

4.51 

i 77.8 

183.1 

0 121 

4,96 

79.8 

184.8 

0 092 

6 52 

84.7 

183.1 

0 070 

8.57 

88.3 


0 060 

10.0 

90 0 

183.3 

0.052 

11.5 

91.3 

184.6 

0 046 

13.0 

.92.3 

186.9 

0 040 

16.0 

93.3 

189.1 

0.036 

16.7 

94.0 

193.1 

0.033 

18.2 

94.5 

193.0 
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To 


reduction ratio of = 150. Johnson® carried the roIKng of copper to 
Tq 

a ratio y = 45. Our maximum reduction ratio on copper was 217, 

and on brass 18.2. The authors, however, found their samples softening 
T 

after a reduction = 2.98. This would indicate that their metals were, 


in reality, hot worked at the thinner gages and that, in effect, the samples 
were partly annealed. This suggestion is strengthened by their state- 
ment that softening does not occur until all evidence of the original 
crystalline structure has been destroyed. In our work, we have found 
the original copper crystals quite distinct to a point beyond the reduction 


- 
T “ 


20 . 


The authors state that their tests on rolled strips that differed in 
initial thickness show that specimens having the same ratio of reduc- 
To 

tion rp ^ Sbve not necessarily of the same hardness; this does not agree with 

the conclusions reached by others.^® Commercial practice is based on 
the fact that the hardness of rolled copper and brass is relatively propor- 
tionate to the percentage reduction by rolling, regardless of thickness. 

It is evident from rolling-mill experience with copper and brass that 
there is no reversal or softening point at a ratio of about 3 as indicated 
by the authors. Common practice has also made it evident that such 
a point must be above 5 if it exists. In the data submitted, however, 
no reversal or softening point has been found with copper below a ratio 
of 200 or with brass below a ratio of 18. Above these points the metal 
becomes so thin that the ordinary hardness tests are of no value. 


John Livermore Christie, Fairfield, Conn. — ^Many rollers believe 
that if metal is rolled beyond a certain point its properties are spoiled 
and cannot be restored by annealing. I have never been able to find any 
scientific basis for that belief but this paper indicates that there might 
be some basis for it. However, on rolling some copper we obtained the 
same results as Mr. Bassett. We rolled two pieces of lake copper from 
1 in. and in., respectively. Those pieces were taken from the same bar 
and hot rolled down to these two sizes. They were then cold rolled down 
to 0.050 in., receiving reductions of 95 and 92 per cent., respectively. 
We had a little difficulty in getting accurate and reproducible Brinell 
hardness readings on the thinner metal, but we got quite definite indica- 
tions of maxima at about 90 per cent, reduction by rolling, and about 80 
per cent, on the two sizes. It is interesting to note that these maxima 
both came when the metal was about 0.080 in. thick. 

F. Johnson : JnL Inst. Met. (1920) 23, 443. 

10 C. H. Davis: Proc. Am. Soc. Test. Mat. (1917) 17, II, 166. 
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Tensile tests on the rolled samples did not show any drop; the tensile 
strength kept on going up. Some of the material that had been rolled 
(85, 90, 92, and 95 per cent.) was annealed at 700® C. for H hr. There 
was some indication that if metal is rolled beyond, say, 80 per cent, and 


Hardness Tests 



12 3 4 5 6 7 


thickness 

deduction thickness 



Fig. 11. — Hardness tests. 


Fig. 12. — Tensile tests. 


then annealed the strength will not be quite as great as if the metal had 
not been rolled quite as hard; these figures, however, should be checked 
very carefully. 

It is regrettable that the authors did not use the more conventional 
method of plotting the abscissas; that is, that they did not use the per 
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cent, reduction by oUing rather than the relation of original to 
final thickness. 

The authors have suggested that their copper at the start was not 
thoroughly soft. There must be some other explanation for the results 
obtained when the stock was annealed at 100® because 100® would not 
soften copper whether it had been previously annealed or not. 

John R. Freeman, Jr.,* Washington, D. C. — The results of this 
investigation are of great interest to those concerned with rolling iron and 
steel as well as those interested in rolling non-ferrous metals. We have 
been carrying out, at the Bureau of Standards, a series of tests to deter- 
mine the relative rolling characteristics of open-hearth deep-drawing 
stock and electrolytic iron and have obtained data that confirm the results 
presented by the authors. For the work, which I wish to discuss briefly, 
open-hearth steel strip obtained from three independent sources and two 
samples of electrolytic iron were used. These five lots of material were 
rolled under identical conditions in a commercial mill by a practical roller 
(of course, under our observation) and tests of the rolled material were 
carried out in the Bureau of Standards laboratories. 

The original thickness of all stock was 65 mils (0.065 in.) and it was 
3 in. wide. Coupons for tests were cut from the strip after each pass 
through the rolls. The following tests on the material have been made : 
Brinell hardness and tensile strength. The hardness tests were made 
with the same instrument used by the authors so that the results of the 
hardness tests are strictly comparable. The tensile tests were made on 
specimens the thickness of the material as rolled with 1 in. gage length 
and reduced section of in. width. 

The results of the hardness tests are given in Fig. 11. The curves are 
plotted in the same manner as was used by the authors, to permit easy 
comparison. The general trend of the curves is the same as obtained by 
the authors. There is a preliminary hardening followed by a softening 
after a reduction of approximately 4 to 1. We were not aware of the 
authors' results at the time of rolling or we would have carried our total 
reductions further. 

The results of the tensile tests are given in Fig. 12; it is to be regretted 
that the total reductions were not greater but I believe the curves indi- 
cate a similar effect. There is a preliminary increase in tensile strength 
with reduction; and if an average curve is drawn, it is apparent that at a 
reduction of approximately 3 to 1 the tensile strength tends to become 
constant, and possibly to decrease in value. 

W. R. Webster. — ^Was the material rolled dry or were the strips oiled 
during the passage through the rolls? 


* Physicist, Bureau of Standards. 
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John R. Freeman, Jr. — The strips were well lubricated. 

William B. Price, Waterbury, Conn. — It seems to me that the reason 
for the apparent difference in the results obtained at the Bureau of 
Standards and in commercial work is largely due to the way in which 
the material is rolled; in commercial work, the rolls are water-cooled. 

The explanation of the initial hardening obtained by the authors and 
by Mr. Freeman may be due to a temperature approximating somewhere 
between 100° and, possibly, 160° C. We all know that if, in the case of 
brass ( Heyn first brought out that point) to relieve certain stresses that 
are responsible for season cracking, a relief heat treatment at compara- 
tively low temperatures is given, it will increase the hardness. 

In a paper by the speaker at the symposium on season cracking at the 
A. S. T. M., in 1919, that method was used to relieve strains, and the 
physical test shows an increase of from 2000 to 3000 lb. in the tensile 
strength. This whole problem is tied up with the question of self- 
annealing of the metal under certain conditions, which accounts for the 
softening obtained by the author. 

Most of you are undoubtedly famihar with the Hooker cold-extrusion 
process used by the United States Cartridge Co., by which it gets a 
comparatively soft tube under certain conditions. I have been told 
that by changing the tools slightly it is possible to produce a hard or a 
soft tube at will. 

Norman B. Pilling,* E. Pittsburgh, Pa. — Mr. Christie said that at 
100° C. you get no softening in copper; I think you may, if you have the 
proper amount of cold rolling. The rate-of-anneaUng curve rises very 
fast as you reach the amounts of rolling with which the authors have been 
concerned; and it is not improbable that at the reductions they used 100° 
C. is quite an active temperature for copper. 

I know of an annealing test made after a reduction of about 70 per 
cent, with cooled rolls carried out in a commercial way. The metal was 
hard to begin with and Uned up with the curve that Mr. Bassett has 
shown; it was annealed for 76 days at 100°, maintained by a thermostat, 
which resulted in a marked softening, a matter of 3 or 4 per cent. 

D. J. McAdam, jR.,t Annapolis, Md. — ^As part of another investiga- 
tion, at the Naval Engineering Experiment Station, we have recently 
made some hardness determinations on a number of ferrous and non- 
ferrous metals after various degrees of cold reduction in thickness. In 
these experiments, a great variety of carbon and alloy steels were used in 
the annealed and in the quenched and drawn conditions. The experi- 

* Research Metallurgist, Westinghouse Electric & Mfg. Co. 
t XJ. S. Naval Engineermg Experiment Station. 
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merits also included a number of copper alloj^'s, nickel, monel metal, and 
duralumin. 

The material was reduced in thickness by compressing it in a 300,000- 
lb. Olsen tension and compression testing machine. The rate of reduc- 
tion was much slower than the rate of reduction in thickness by rolling 
and the reduction could not be carried as far as in the authors’ 
experiments. 

Curves have been drawn in which abscissas represent percentage 
reduction in thickness and ordinates represent Brinell hardness; even 
in the most plastic material, the reduction by this method could not be 
carried beyond about 90 per cent. 

The curves representing a number of kinds of material show a maxi- 
mum Brinell hardness at about 70 to 80 per cent, reduction; this corre- 
sponds approximately with the authors’ results. Such maxima were 
found in the following annealed materials: 0.25 per cent, carbon steel, 
0.9 per cent, carbon steel, chrome-nickel steel, monel metal; also in hot- 
rolled nickel and monel metal and in quenched and drawn 0.35 per cent, 
carbon steel and chrome-molybdenum steel. No maxima, up to a 90 
per cent, reduction, were found in annealed nickel, ingot iron, and 
annealed chrome-molybdenum steel. 

It is possible that, if the reduction could have been carried further, 
maxima would have been found in some of the material that did not show 
maxima up to a reduction of 90 per cent. Some of these materials were 
apparently approaching a maximum hardness when a reduction of 90 
per cent, was reached. In several instances, the annealed material did 
not show a maximum up to 90 per cent., whereas the hot-rolled or 
quenched material did. 

An attempt was made, with ingot iron, to reach a greater percentage 
reduction by a modification of the original process of reduction. A cube 
of the metal was compressed about 10 per cent, in one direction and was 
then restored approximately to its original dimensions by compressing it 
in two directions perpendicular to the original direction. This process 
of compression and restoration was continued until the total percentage 
compression in the original direction was 80. At this point the cube was 
so distorted that this could not be continued. The distorted cube was 
then reduced in several stages without attempt at restoration until it 
had received a further reduction of about 70 per cent. Hardness deter- 
minations were made throughout the cold-working process. When these 
were plotted, as before, against total percentage reduction in the original 
direction, it was found that the graph was nearly a straight line, which 
did not appear to be approaching a maximum even after an amount of 
cold worldng that was plotted as 150 per cent, reduction on the same 
scale as the other graphs described. Further experiments will be made 
using the above described process of compression and restoration when 
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suitable dies have been made to prevent irregulai* distortion of the cubes 
of metal. 

W. R. Webster, Bridgeport, Conn. — ^Was there any rise in temper- 
atures? If so, how much? 

D. J. McAdam. — We did not observe that. We had to stop and cut 
the metal several times during the process of reduction; so the temper- 
ature could not have been very high. 

F. G. Smith, Waterbury, Conn. — know of an instance when brass 
was drawn in the form of wire that it was so brittle that it could not 
be bent to a sharp angle, but after the wire was immersed in boiling 
water for a short time it could be bent as required. It was, thereby, 
made more ductile but it was not annealed in the sense that the metal 
became recrystallized. 

Zay Jeffries, Cleveland, Ohio. — In connection with overworking, a 
number of things must always be taken into consideration; and in the 
particular tests of the authors the method of testing is a most important 
thing to consider. From the standpoint of the internal stiucture of 
metals, two conditions are possible and, in fact, are pretty well known. 

In the severe drawing of wire, a maximum in tensile strength is some- 
times reached. The testing of wires is much more indicative of internal 
structure than the testing of sheets. Imagine the testing of a piece of 
foil ; one can get any value desired depending on how the test is made. If 
one takes a piece of foil as wide as this room one can start to tear it at one 
side and get a low tensile strength. If the foil is cut down to a very 
thin strip, the normal tensile strength of the material can be approxi- 
mated. So that in testing for tensile strength, the matter of tests on 
round wire is much more indicative of the internal structure than the tests 
on thin foil. Even in wire, there is a stage in the drawing when the 
tensile strength begins to decrease, the strength rises rapidly with the 
first working and then more slowly; and if worked far enough there is a 
decrease in tensile strength. 

Two things may happen when the tensile strength decreases: Either 
the material becomes more brittle, as shown by a lower elongation; or 
it becomes more ductile, as shown by a higher elongation. In case a 
lower tensile strength is accompanied by a higher elongation, many 
people are ready to agree and admit that there is spontaneous annealing. 
On the other hand, if the lower tensile strength is associated with a lower 
elongation, we must look for the cause in internal rupture. 

Internal rupture may be of two kinds: (1) shearing fissures, which 
may be seen in certain metals; and (2) the internal rupture at the slip 
planes, due to a weakened condition on the planes, such as we know 
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occurs in the case of iron and nickel and, in the cases cited by Bassett 
and Davis, on the increase in Brinell hardness and, Price and Davidson 
and Mathewson and Phillips on the increase in tensile strength of cold- 
worked alpha brass, by heating to a moderate temperature. The 
material is in a somewhat weakened condition but we cannot detect the 
weakness with a microscope. 

Those things must always be taken into consideration in interpreting 
results such as the authors have obtained. We must also consider what 
may be the changes due to the preferential orientation of the crystal 
fragments produced by the very severe rolling. We are quite certain that 
one of the effects of preferential orientation is a lowering of the transverse 
sheet strength of a severely worked meta. What other effects it may 
have I am not prepared to say at the moment. 

F. E. Caeteb, Newark, N. J. — do not entirely agree with some of 
the other speakers that self-annealing during rolling is the cause of this 
softening. I have made tests with copper and did not notice any of this 
apparent decrease in hardness. Also some years ago I made tests with 
chemically pure platinum, chemically pure gold, and silver; one would 
expect that, if this softening were due to self-annealing in the rolls, it 
might occur with silver and gold, which anneal at very low temperatures, 
and not with platinum. In no case was I able to find any indication of 
increasing softness on continued rolling. 

Heney S. Rawdon (authors’ reply to discussion). — In publishing this 
note, the authors hoped that the results they had obtained would explain 
satisfactorily some of the contradictory statements in the technical 
literature as to the effect of severe cold-working on hardness, particularly 
as measured by the scratch method. The evidence presented and the 
opinions expressed in the discussion, however, indicate that the matter 
is far from being settled as yet. 

As stated in the paper, the authors feel that the experimental data 
will not warrant very much theorizing as to the underlying fundamental 
cause and are not prepared, at present, to present a wholly satisfactory 
explanation of the phenomenon observed and the real meaning of the 
results. Hence it is impossible to explain the variance in the results 
obtained by Mr. Bassett and others from those of the authors. A con- 
siderable amount of work has been done by the authors since the comple- 
tion of the manuscript, confirming the results presented here. Special 
attention was given to the matter of the temperature of the rolls and the 
specimen while being rolled. Briefly, it may be stated that while tem- 
perature does affect the rate at which hardening occurs upon rolling, the 
general form of the hardness-deformation curves obtained by the authors 
when the rolls and specimens were cooled with iced brine was the same 
as that typical of rolling carried out at room temperature. 
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The authors are in complete agreement with Doctor Jeffries that the 
method of testing is an important thing to consider. It is believed, 
however, that the scratch hardness method employed is affected less 
than any other, perhaps, by the form and thickness of the specimen 
tested and appears to be the most suitable to use in measuring the 
properties of very thin sheets. Without question, the tension test 
might well be expected to give very non-imiform and unreliable results. 
The same objection may perhaps be urged against those methods of 
hardness testing depending on indentation in which a rather heavy load 
is used. It can be demonstrated by suitable etching methods that the 
volume of metal distorted in any indentation hardness test is many times 
greater than the visible distortion as judged by the size of the indentation. 

In answer to the criticism of the method of measuring the amount of 
reduction of the specimen by the working, it may be pointed out that 
there is no fundamental mathematical difference between the method used 

and the conventional mill method ^ X 100^ 

The second method, however, leads to very large numbers in the case 
of rolling very thin sheets, which is an inconvenience in the graphical 
representation on any small diagrams, such as those in this publication, 
of a change which is largely confined to a rather narrow range. The 
method used was chosen for this reason. 

The interpretation of the observations, as recorded in the published 
photomicrographs, that not until the removal of evidence of the original 
crystalline by cold rolling was there softening of the metal, in support of 
the explanation by Mr. Bassett that the softening observed is to be 
attributed to partial annealing of the thin strips, is not clear. The 
authors believe that softening to the degree shown by some of the hard- 
ness curves directly after rolling, if it resulted from annealing, ought to 
be accompanied by a visible change in the structure. 

As stated in the paper, the authors have other expeiiments relating 
to this subject either in progress or in contemplation. One has to do 
with the a>-ray diffraction study and the determination of the effects 
of the preferential atomic orientation resulting from very severe deforma- 
tion. This accords with the suggestion made by Doctor Jeffries in this 
discussion. 
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Relation of Heat Treatment, Mechanical Properties, and 
Microstructure of 60-40 Brass 

By Victor O. Hombrbbrg,* P.D., Cambridge, Mass , and 
Dexter N. SHAw,t M.Sc., Akron, Ohio 

(New York Meeting, February, 1924) 

A STUDY of the correlation of the mechanical properties and of the 
microstructure with the heat treatment of 60-40 brass has been confined, 
heretofore, to the rolled or extruded material as received from the manu- 
facturer. The results obtained by Babson and Buhler,^ Bengough and 
Hudson,^ Stead and Stedman,® and Brayton^ have been confined to the 
treatment of the material as received. No attempt was made to get the 
material into a given condition and then to work from this basis. To 
start with a given structure would have the decided advantage of making 
the work independent of the original condition, hence, to make the 
results reproduceable. 

In a previous paper, it was shown, in connection with the study of 
the transformation that occurs at about 470° C., that if specimens were 
quenched to produce the beta structure and then reheated, the beta 
would begin to break down, at approximately 200° C., into a very finely 
divided alpha. It was predicted that important results migTit be 
obtained if test pieces were to be given a similar double heat treatment 
and then tested for the mechanical properties as well as a study of the 
microstructure. The material used in the present investigation was a 
%-in. round bar of extruded muntz metal of the following composition: 
Copper, 61.05 per cent.; zinc (by difference), 38.90 per cent.; lead, 0.06 
per cent.; iron, trace; tin, nil. 


* Instructor in Metallography, Massachusetts Institute of Technology, 
t Research Laboratory, Goodyear Tire & Rubber Co. 

^ Babson and Buhler: “ Effects that Different Temperatures of Annealing have on 
the Physical Properties of Brass and the Effects of Different Gases at the Annealing 
Temperatures on the Microstructure of Brass.” M. I. T. Thesis, 1903. 

* G. D. Bengough and 0. F" Hudson: Heat Treatment of Copper-zinc Alloys. 
Jnh Soc. of Chem. Ind. (1908) 27, 43 and 654. 

* Stead and Stedman : Op. dt. 

* H. M. Bray ton: Heat Treatment of Beta Brasses. Ch£m. <Sb Met. Eng. 
(1920) 22, 211. 
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Pig. 1. — Physical properties op test specimens. 



Pig. 2. — Specimen not reheated. X250. Fig. 3. — Specimen reheated at 150® C. 

FOR 2 HR. X 250. 
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Fig. 4. — Specimen reheated at 200° C. Fig. 5. — Specimen reheated at 250° C, 
FOR 2 HR. X 260. POR 2 HR. X 250 



?IG. 6.— Specimen reheated at 300° C. Pio. 7.— Specimen reheated at 350° C. 
EOR 2 HR. X 260. FOR 2 HR. X 260. 







Fig. 8.— Specimen reheated at 400° C. Fig. 9. — Specimen reheated at 460° C. 
POE 2 HR, X 250. FOR 2 HR. X 260. 
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Fig. 12. — Specimen reheated at 600° C. Fig. 13. — Specimen reheated at 650° C. 
FOR 2 HR. X 250. FOR 2 HR. X 250. 



Fig. 14. — Specimen reheated at 700° C, Fig. 15, — Specimen reheated at 750° C. 
FOR 2 HR. X 250. FOR 2 HR, X 250 


voi.,"iaac.— 24 
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The test specimens were heated at 825*^ C. for 2 hr. and then quenched 
in iced brine, the temperature of which was —8® C, The tensile test 
pieces were machined to the standard specification of 0.505 in. diameter. 
These test bars were subsequent!}’' reheated for 2 hr. at temperature 
intervals of 50° C. from 150° to 750° C. and quenched in cold water. 

The physical properties are given in Table 1 and the curves in Fig. 
1 ; the structures are shown in Figs. 2-15, inclusive. All specimens 
were etched with concentrated NH4OH and H 2 O 2 and photographed at 
250 diameters. The results may be discussed by dividing the reheating 
temperatures into three groups; (a) 50°-250° C.; (&) 250°~450° C.; 
(c) 450°-750° C. 


Table 1. — Physical Properties of Test Specimens 


Reheating 
Temperature, 
Degrees C 

Bnncll Hardness 

1 Tensile 

1 Strength, 

1 Lb per Sq In 

Per Cent 
Elongation 
in 2 In 

Per Cent 
Reduction 
of Area 

j 500-Kg Load 

3000-Kg Load 

Original 

119 


62,000 

35 0 

36.7 

50 

97 

126 0 

35,000 

4.0 

0 6 

150 

100 

123 0 

38,750 

3.0 

0.4 

200 j 

136 

149 0 

52,500 

1 0 

0.2 

250 


241 0 

82,750 

0 0 

0 0 

300 


163.0 

71,250 

9.0 

6.4 

350 

130 

131.0 

65,000 

19 0 

12.5 

400 

119 

111 0 

61,250 

22 0 

17 5 

450 

69 

68 0 

48,760 

55.5 

46.7 

600 

74 

82.5 

50,000 

49.0 

42 2 

550 

74 

86 5 

55,000 

47 0 

36.4 

600 

76 

87 1 

65,000 

47 0 

36 0 

650 

79 

88 7 

56,750 

42.5 

30 4 

700 

85 

88 7 

55,750 

34 0 

22 0 

750 

96 

107 0 

57,000 

24 5 

12 6 


The physical properties of these reheated specimens, as given in 
Table 1 and Fig. 1, show a rapid change when heated in the lower 
range. The tensile strength and the Brinell hardness increase rapidly 
from the first reheating temperature to 250° C., at which point they 
reach a maximum. The microstructure changes from crystals of beta, 
which exist until a temperature of 200° C. is reached, to finely divided 
alpha; an increase in tensile strength and hardness is to be noted with 
this change. The structure is finely divided alpha at 250° C., at which 
temperature the material exhibits remarkable mechanical properties; e., 
maximum hardness and tensile strength with no ductility. Properties 
analogous to those of martensite in steel are clearly evident. A tensile 
strength of 82,750 lb. per sq. in. and a Brinell hardness of 241 under a 
3000-kg. load are greater than any values previously recorded; these 
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values were checked and are reproduceable. The microstructure showed 
characteristic grain boundary alpha along the edges of the fracture, 
thereby indicating an intercrystalline break. All the specimens 
that were quenched for beta contained a slight fringe of alpha at the 
grain boundaries. 

In the temperature range from 250° to 450° C., the tensile strength 
and the hardness decrease to a minimum while the ductility passes 
through a maximum. It will be noted from Figs. 5-8 that the finely 
divided alpha has coarsened with an increase in the reheating temperature. 
At 450° C. there is a sudden increase in the ductility, as a result of the 
recrystallization of the alpha into twin crystals. Fig. 9 shows that 



Fig. 16. — ^Tbst bars and their fractures. 


practically the entire microstructure consists of twinned alpha. The 
result is a high value for elongation at the expense of hardness. The 
tensile strength is 48,750 lb. per sq. in.; the hardness is 68 under a 3000- 
kg. load; the elongation and the reduction of area are 55 and 46.7 per 
cent., respectively. 

The third range from 450° to 750° C. shows a gradual increase in 
tensile strength and in Brinell hardness. Figs. 10-15 show that the 
proportion of beta has gradually increased. Alpha needles are obtained 
on quenching from 750° C. Fig. 15 shows beta with imabsorbed alpha 
twins and needlelike alpha, which is characteristic of the alpha that comes 
out of the beta on quenching. Fig. 16 shows the fractured test bars. 

The effect of the time of heating at the quenching temperature on 
the Brinell hardness after reheating at 250° C. for 2 hr. was studied. 
Table 2 indicates the heat treatment and the results obtained: 



372 HEAT TRBAT3iIENT, PROPERTIES, AND MICROSTRUCTURE OP 60-40 BRASS 


Table 2. — Heat Treatment and Results Obtained 


QueccMng Temperature, i 

Degrees C , 

Time at Quenching Temperature, ' 
Hours 

Bnnell Hardness after Reheating 
at 250° C. (3000 Kg ) 



1 149 

750 j 

i 

' 156 


1 1 

159 


! 2 

]66 


i 

: 170 

775 

1 

i 179 


1 1 

; 179 


i 2 

179 


K 

170 

800 

K 

1 


1 

179 


2 

179 



170 

825 


179 


1 

179 


2 

179 


At 750"^ C., the alpha reeds, which were present in the original extruded 
material, persisted throughout the grains even after 2 hr. heating. The 
needlelike alpha was distributed throughout the beta during the short 
times of heating but was present only at the grain boundaries when the 
time of heating was 2 hr. At 775°, 800°, and 825° C., the original alpha 
reeds were absorbed even after heating for 15 minutes. 

The effect of various quenching media was studied. The test pieces 
were heated at 825° C. for 2 hr., then quenched in different media. They 
were then reheated at 250° C. for 2 hr., quenched in water, and the physical 
properties determined. Table 3 gives the results obtained; they show 


Table 3 


Quenching Medium 

Tensile 

Strenjrth, 

Lb perSq. In. 

Per Cent. 
Elongation 
in 2 In. 

Bnnell 
Hardness, 
3000 Kg. 

Brine at — 8°C 

82,760 

0.0 

241.0 

Water at 25®C 

62,000 

12.0 

179.0 

Water at lOO'C 

67,500 

44.0 

74.0 

Cold oil 

58,200 

34.5 

86.7 


that the only medium that is satisfactory for maximum hardness and 
tensile strength is iced brine. The beta grains existed in the specimens 
quenched in water at 25° C. but these were surrounded by large alpha 
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fringes and alpha needles within the grains. The specimens quenched 
in boiling water and in oil showed no beta as distinct grains. 

The effect of the time of reheating at 250° C. was studied by quenching 
test bars in iced brine after heating for 2 hr. at 825°C. and then reheating 
for different lengths of time at 250° C. Table 4 gives the results obtained ; 
they show that the breaking down of the beta is very rapid. 

Table 4 

Time at 250® C. Habdness (3000 Ko ) 

15 min . . . 229 

30 min . .... 229 

1 hr . 241 

2hr . . . . . ... 241 

The effect of the various rates of cooling from the reheating tempera- 
ture of 250° C. was studied by quenching test bars in iced brine after 
heating for 2 hr. at 825° C. and then quenching in different media after 
reheating at 250° C. for 2 hr. The Results given, in Table 5, show that 
the hardness and the tensile strength are practically independent of 
the rate of cooling from the reheating temperature. 


Table 5 


Quenohixig Medium 

Bnnell 

1 Hardness, 
3000 Kg. 

Tensile 

Strength, 

Lb perSq.In 

Per Cent. 
Elongation 
in 2 In. 

Cold water. ... ... 

241 

82,750 

0 

Air 

229 

81,750 

0 

Cold oil 

229 



Iced water 

241 




Summary 

If brass in the beta condition is used, a gradual increase in hardness 
and in tensile strength and a gradual decrease in ductility are obtained 
on reheating the quenched material to 260° C. Between this temperature 
and 450° C., the reverse is true. From 450° to 760° C., there is a slight 
increase in hardness and in tensile strength and a decrease in ductility. 

The maximum tensile strength of 82,750 lb. per sq. in. and the maxi- 
mum hardness of 241 with no elongation were obtained at 250° C.; 
the structure showed very fine alpha and the fracture was intercrystalline. 

The maximum, elongation of 65.5 per cent, in 2 in. with the lowest 
Brinell hardness of 68 under a 3000-kg. load and the lowest tensile 
strength of 48,750 lb. per sq. in. were obtained after reheating to 450° C.; 
the stracture showed only alpha twins and the break was transcrystaUine. 
The Brinell hardness and the tensile strength are proportional. 
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Satisfactory beta was obtained wben the specimen was heated for any 
length of time greater than H hr. at any temperature greater than 
775° C. This fact is important, as all of the specimens for which values 
are given in Table 1 showed a very large grain size. It may, therefore, 
be possible to get even better values for material treated under such 
conditions as to obtain a very small grain size. The treatment mentioned 
above is suggestive. 

The specimens must be quenched in iced brine in order to procure 
maximum hardness and tensile strength on reheating. The change from 
beta into alpha at 250° C. is rapid. The rate of cooling from 250° C. has 
no appreciable effect on the physical properties. 
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Relation of Heat Treatment to the Microstructure of 

60-40 Brass 

By Robert S. Williams,* Ph.D., and Victor O. Homerberg,! P.D., 
Cambridge, Mass. 

(New York Meeting, February, 1924 ) 

On several occasions, when 60-40 brass is first obtained in the beta 
condition by quenching at about 825® C. and is then reheated, the writers 
have noticed that recrystallization will take place in the form of twin crys- 
tals at the grain boundaries of the original beta crystals. It was, there- 
fore, thought that interesting results would be obtained if this twinning 
process was studied further, especially as to the temperature at which 
it first occurs. The material used in the investigation was a bar of 
extruded mimtz metal, 3^^ in. in diameter, and of the following com- 
position: Copper, 60.21 per cent.; zinc, 39.73 per cent,; lead, trace; 
iron, trace; tin, nil. 

Specimens 1 in. in length were sawed from this bar and a hole was 
drilled into the side of each specimen until it reached the center, and the 
tip of a platinum-platinum rhodium thermocouple was inserted. A 
small Hoskins' resistance-type electric furnace was used for heating 
the specimens. 

The specimens were first heated at 840® C. for 2 hr. and then quenched 
in cold water, in order to get the material entirely in the beta state. 
In every case, in the reheating process, the furnace was brought to the 
desired temperature before the specimen was introduced. The time 
occupied in preheating was from 20 to 30 min. By sawing back 34 
in. on each side of the hole, two parts were obtained from each specimen 
and duplicate observations were possible. The specimens were held 
at the reheating temperatures for periods of 15 min., 30 min., 1, 2, and 
4 hr. AH speciniens were etched with a freshly prepared mixture of 
equal volumes of concentrated NH4OH and H 2 O 2 . 


* Associate Professor of Metallography and Analytical Chemistry, Massachusetts 
Institute of Technology. 

t Instructor in Metallography, Massachusetts Institute of Technology. 



376 


RELATION OF HEAT TREATMENT TO MICROSTRUCTURB 


A reheating of the quenched specimen resulted in a breakdown 
of the beta into finely divided alpha. Figs. 1 and 2 show this condi- 
tion in the specimens reheated at 440° C. for hr. and 1 hr. respec- 
tively. No indication of the production of alpha twins was apparent 
in these specimens. 

Carpenter^ has shown that there is a thermal change at about 470® C., 
as first determined by Roberts-Austen® but attributed to experimental 
defects in the apparatus by Shepherd,® Tafel,^ and Bomemann.® Carpen- 
ter detected this critical point p 3 rrometrically by both heating and cooling 



Fig, 1. — Spjscimbn reheated at 440° C. Fig. 2. — Specimen reheated at 440° C. 
FOR 30 MIN, X 100. FOR 1 HR. X 100. 


curves in all alloys of copper and zinc ranging from 63 to 40 per cent, 
copper. He concluded that at 470° C., on cooling, beta splits up into 
alpha and gamma. 

Stead and Stedman® subjected specimens of cast and cold-rolled 
muntz metal to prolonged heating of three months at 430° C. and for 984 


^ H. C. H. Carpenter and C. A Ed^vards : A New Critical Point in Copper Zinc 
Alloys. JnL. Inst, of Metals (1911) 6, 127-149. 

s Roberts-Austen: Fourth Report to the Alloys Research Committee of the 
Institution of Mechanical EngineeTs (1897) 31-100. 

*E. S. Shepherd: The Constitution of the Coppei^zinc Alloys. Jnh Phys. 
Ckm. (1904) 8, 421. 

* V. E. Tafel: MetaUurgie (1908) 6, 378. 

® K. Bomemann: MetaUurgie (1909) 6, 247. 

• J. E. Stead and H, G, A Stedman; Mimtz Metal, Jrd. Inst, of Metals (1914) 
11, 119-134. 
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hr. at 270® C., but failed to detect any clear evidence of segregated gamma 
and, therefore, held the tentative view that the disappearance of the beta 
constituent was due entirely to solution in the alpha. 

The critical point was again considered by Hudson,^ who contended 
that the heat effect must be due to a pol 3 rmorphic transformation of the 
beta constituent from beta to beta prime, and advanced evidence 
to support his belief. Hudson gave evidence of the formation of 
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Fig. 3. — Equilibeittm diagram op copper-zinc system. 


beta prime by annealing alpha + gamma at temperatures below the 
critical point. 

Recently an equilibrium diagram of the copper-zinc system has been 
obtained by Imai,® chiefly by means of electric-resistance measurements. 
This diagram, Fig. 3, nearly coincides with those of Shepherd and Tafel. 
As to the transformation of the beta constituent, Imai obtained a negar 
tive result for a eutectoid separation or an allotropic change. 

A significant result of the present investigation is that recrystalliza- 
tion is shown to begin at about 460® C. The first indication of recrystalli- 
zation, in the form of twinning at the grain boundaries of the original 
beta crystals, is shown in Fig. 4; this specimen was reheated at 465® C. 
for 2 hr. In Fig. 5 is shown a specimen reheated at 455® C. for 80 hr.; 

^ O. P. Hudson: The Critical Point at 460® O. in Zinc-copper Alloys. Jnl. 
Inst, of Metals (1914) 12, 89-101. 

>lxnai: Equilibrium of the Copper-zinc System. Sci, Repts. Tohoku Imperial 
Univ., 11, 313-332. 
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Fig. 4. — SPECi\£Ey reheated at 465* C. Fig. 5. — Specimen reheated at 465“ C. 
POE 2 hr. X 100. FOR 80 HR. X 100. 



Fig. 6.— Specimen reheated at 496 “C. Fig. i7 .— Specimen reheated at 495“ C. 
FOR 16 ION. X 100. FOR 30 MIN. X 100. 
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Fig. 8. — Specimen reheated at 495° C. Pig. 9.— Specimen reheated at 600“ C 
FOR 1 HR. X 100 FOR 2 HR. X 100. 



Fig. 10. — Specimen reheated at 500“ C. Fig. 11. — Specimen reheated at 530“ C. 
FOR 4 HR. X 100. FOR 15 MIN. X 100. 
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Fig. 12.— Specimen reheated at 530° C. Fig. 13.— Specimen reheated at 530° C. 
FOR 30 MIN. X 100. FOR 1 HR. X 100. 



Fig. 14.— Specimen reheated at 530° C. Fig. 15.— Specimen reheated at 675° C. 
FOB 2 HR. X 100. FOR 15 MIN. X 100. 
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Fig. 16. — Spbcimbn bbhuated at 575° C. Fio. 17. — SpBCiMEif eeheate® at 575° C. 
FOB 30 MIN. X 100. FOB 1 HB. X 100. 



Fig. 18.— Spicimbn bbhbatbd at 575° C. Pig. 19. — Specimen beheatbd at 575° C. 
FOB 2 HB. X 100. FOB 4 HB. X 100. 
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BELATIOX OF HEAT TREATMENT TO MICROSTRUCTURB 



Fig. 20. — Spbcimex' eehbated at 605° C. Fig. 21. — Specimen reheated at 605° C. 
BOB 15 MIN. X 100. FOB 45 MIN. X 100. 



Fig. 22. — Specimen bhhbatbd at 605° C. Fio. 23. — Specimen reheated at 605° 0. 
POE 1 EB. X 100. FOR 2 HR. X 100. 
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Fig. 24.--Specimen reheated at 660® C. Fig. 25.— Specimen reheated at 660° C. 
FOR 15 MIN. X 100. FOR 30 MIN, X 100. 



Fig. 26.— Specimen reheated at 660° C. Fig. 27.— Specimen reheated at 660° C. 
FOR 1 HR. X 100. for 2 HR. X 100. 
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Fig. 28. — Specimen reheated at 660° C. Fig. 29. — Specimen reheated at 150° C. 
FOR 4 HR. X 100. FOR 2 HR. X 250 



Fig. 30.— Specimen reheated at 200° C. Fig. 31.— Specimen reheated at 200° C. 
AND QUENCHED IN WATER. X 250. FOR 1 HR. X 250.j 
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Fig. 32. — Specimen heheatbd at 200° C. Fig. 33. — Specimen reheated at 300° C. 
FOR 2 HR. X 250. FOR 3 HE. X 250. 



Fig. 34. — Specimen reheated at 400° C. Fig. 35. — Specimen reheated at 460° C. 
FOR 2 HR. X 250. roR 2 hr. X 250. 
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Fig. 36. — Specdien reheated at 500° C. Fig. 37. — Specimen reheated at 600° C, 
FOR 2 HR. X 250. FOR 2 HR. X 250. 



Fig. 38.— Specimen reheated at 700° C. Fig. 39.— Specimen reheated at 750° C. 
FOR 2 hr. X 250. FOR 2 HR. X 250. 
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this shows a number of alpha twins together mth considerable needlelike 
alpha. The present writers were unable to obtain the gamma constituent 
in 60-40 brass. 

The presence of alpha twins at the grain boundaries of the original 
beta grains becomes more marked as the temperature and the time of 
reheating are increased; the various stages are shown in Figs. 6 to 28. 
The appearance of the fine boundaries of the beta grains and unabsorbed 
alpha is shown in Figs. 27 and 28. All specimens were quenched in water 
from the reheating temperature. 

To corroborate the results obtained with bar No. 1, another rod was 
selected, sawed into specimens, and prepared in the same manner. The 
composition of the bar was: Copper, 61.05 per cent.; zinc (by difference), 
38.90 per cent.; lead, 0.05 per cent.; iron, trace; tin, nil. 

All of the specimens were heated at 825° C. for 2 hr. and quenched in 
cold brine and then reheated at the following temperatures: 150, 200, 
300, 400, 460, 500, 600, 700, and 750° C. One set was quenched as soon 
as the reheating temperature was reached. Other specimens were held 
at the respective temperatures for periods of 1, 2, and 4 hr. and then 
quenched in water. Figs. 29 to 39 show the structures obtained. 

Again, there resulted a breakdown of the beta into a very fine alpha, 
which closely resembles martensite as shown in Fig. 34. Finely divided 
alpha was obtained after reheating at 200° C. for 1 hr. The beta grains 
with fringes of alpha at the grain boundaries are shown in Figs. 29 and 30. 
In almost every case, with the exception of the specimens prepared from 
bar No. 1, an alpha fringe was obtained after quenching in an attempt 
to obtain beta alone. This alpha fringe seldom, if ever, forms twin 
crystals on annealing but gradually goes into solution as the reheating 
temperature is increased. This fact is rather remarkable inasmuch as 
the alpha resulting from the breakdown of the beta forms twin crystals 
of alpha at about 460° C. as shown in Fig. 35. 

If extruded material is annealed, the alpha masses wfil ultimately 
form twin crystals. If this extruded material is heated into the beta 
range, cooled in the furnace, and then reheated, the resultant alpha 
masses will not form twin crystals but will gradually go into solution to 
form beta as the reheating temperature is increased. If the material 
containing the alpha fringes at the grain boundaries is compressed, the 
fringed alpha will form twin crystals on annealing, as would be expected 
from the well-known fact that mechanical work and annealing are both 
necessary for the production of twinned alpha. The fact that twinned 
alpha results from the annealing of quenched beta must imply that the 
operation of quenching is, in this case, equivalent to working. In 
this connection, attention is again called to the fact that the fringe of 
alpha does not form these twin crystals. The alpha must be worked 
before it will form twin crystals on annealing; this phenomenon is well 
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known. It seems strange, therefore, that the alpha resulting from the 
breakdown of the beta, on reheating, should form twin crystals and that 
the fringe of alpha does not form these twin crystals. 

Another interesting fact was observed when working with bar No. 1. 
In the discussion of Carpenter's paper, it was stated that muntz metal 
should be heated at 850® C. for 5 hr. and then quenched under very 
definite conditions in order to obtain beta free from alpha. Specimens 
from bar No. 1 were heated at 830® G. for periods varying from 15 min. to 
4 hr. and quenched in cold brine. The specimen that was quenched after 
15 min. heating showed no alpha. All of the specimens were practically 
free from alpha at the grain boundaries; this result would indicate that 
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Fig. 40. — Brinbll hardness at various reheating temperatures. 


the rate of cooling is the important factor to consider and that 5 hr. 
heating, as suggested by Carpenter, is unnecessary. 

Fig. 36 shows the structure to be almost entirely twinned alpha. As 
the temperature is increased the proportion of beta also increases. Fig. 
39 shows the presence of both twinned alpha, which represents alpha 
that has not been absorbed, and granular alpha, which is the alpha that 
comes out of the beta on quenching. 
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It is obvious that a range of mechanical properties might be anticipated 
from the various structures obtained on reheating. Brinell hardness 
values were determined on the specimens from rod No. 2. The accom- 
panying table and Fig. 40 show interesting results for Brinell hardness 
under a 3000-kg. load. It will be noted that the maximum hardness is 
obtained at a reheating temperature of 200® C.; and as the structure 
becomes coarsened, the hardness values drop, reaching a minimum 
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between 460 and 600° C. This minimum value is at the point at which the 
structure is practically all twinned alpha; the hardness increases slowly 
as the proportion of beta increases. The time of reheating for the 
specimens that were tested was 2 hours. 

Conclusions 

Specimens of 60-40 brass, when quenched to form beta, break down 
into finely divided alpha at approximately 200° C. This alpha gets 
coarser as the reheating temperature is increased and forms twinned 
alpha at 450-460° C. At this temperature the material consists almost 
entirely of alpha twins. The twin crystals form first at the grain bounda- 
ries of the original beta grains, provided there is no alpha fringe at these 
boundaries. As the reheating temperature is increased, beta becomes 
more prominent because of the absorption of the alpha. 

The alpha fringe is gradually absorbed without the formation of twin 
crystals as the reheating temperature is increased. This fringe will 
form twin crystals if it is subjected to cold work before it is annealed. 

The alpha masses in extruded 60-40 brass form twin crystals on 
annealing, but such is not the case with material heated at 825° C., cooled 
slowly in the furnace, and then annealed. 

The Brinell hardness is a maximum at the point where the alpha 
resulting from the breakdown of the beta is in the most finely subdivided 
state. It is a minimum at the temperature at which the material consists 
of twinned alpha; it increases again as the quantity of beta increases. 

A wide range of mechanical properties is predicted for 60-40 brass 
when subjected to a double heat treatment. 


DISCUSSION 

0. W. Ellis, Toronto, Ont. (written discussion). — Early in 1921, the 
writer had occasion to undertake a number of experiments on the reheat- 
ing of quenched alpha-beta brass. Prior to carrying out these tests he 
made experiments with the view of determining the approximate lower 
limit of copper contained in the alpha solid solution at about 400° C., 
this being the temperature at which he was intending to carry out the 
reheating of the alpha-beta brasses. Three alloys were annealed at 
400° C. for a period of 28 days, the alloys containing 57.40, 59.44 and 61.06 
per cent, of copper, respectively- Analyses were made of the alloys 
subsequent to the prolonged annealing, so that care was taken to elimi- 
nate any question as to loss of zinc by volatilization during the prolonged 
heating. It was found that the 61.06-per cent, alloy was completely 
free from the beta constituent while the structures of the other alloys were 
as shown in Figs. 41 and 42, which were presented by the writer at the 
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opening meeting of the London section of the Institute of Metals in 
February, 1921. Since this date, the writer has assumed all brasses 
containing above 60 per cent, of copper to be in reality alpha brasses. 

In the reheating experiments referred to above, the writer treated 
the quenched 61.06 per cent, brass at 400° C. and he is able fully to con- 
firm the findings of the authors that fine-grained alpha is produced as a 
result of the reheating at 400° C. of quenched brass of this composition. 



Fig. 41. — 59.44-per cent, copper Fig. .42 — 57.40-pbr cent, copper 
ALLOY, HEATED AT 400° C. FOR 28 DAYS; ALLOT, HEATED AT 400° 0. FOR 28 DAYS; 
ETCHED WITH FERRIC chloride. X75. ETCHED WITH FERRIC CHLORIDE. X76. 


The reheating of true alpha-beta brasses at 400° C., those containing 
less than about 60 per cent, of copper, results, however, in the production 
of a totally different type of structure. Alpha is, in most cases, precipi- 
tated within and around the beta crystal grains. The resulting alloy is, 
on this account, extremely fragile and of low tenacity. Whether reheat- 
ing at higher temperatures than 400° G. (the maximum used by the author 
in his experiments) would result in an improvement of the mechanical 
characteristics of the quenched alpha-beta alloys, the writer is unable to 
say. There is a wide field for investigation in this connection, and the 
authors are to be congratulated on the pioneer work they have done. 
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Corrosion of Brass as Affected by Grain Size* 

By Robert J. Anderson, f Met. E., Pittsburgh, Pa., and George M. ENOS,t 
Met. E., Cincinnati, Ohio 

(New York Meeting, February, 1924) 

This paper gives a summary of tests made on the accelerated electro- 
lytic corrosion of the tin brass, 70:29:1 copper-zinc-tin (admiralty metal), 
of different grain sizes in various electrolytes. There has been great 
difference of opinion as to the effect of grain size on the corrosion rate of 
brass, particularly in condenser-tube practice, but so far as is known no 
information has been published on the subject. It has been assumed, 
on the basis of the amorphous-cement theory, that fine-grained brass 
would corrode more rapidly than coarse-grained because the amorphous 
phase is more soluble than the crystalline and there is more cement per 
unit area exposed in the fine-grained material. 

In previous work on the corrosion of metals and alloys in acid mine 
waters from coal mines,^'^ it was found that the grain size, within a 
restricted range, had practically no effect on the corrosion of the brass 
70:29:1 copper-zinc-tin. In the tests made, samples of three grain 
sizes were included; viz., 0.025, 0.035, and 0.075 mm. diameter (1600, 
817, and 177 gr. per sq. mm., respectively), and the average losses on 
exposure to the most acid of three waters were 7.07, 6.80, and 6.72 mg. 
per sq. cm. per day (24 hr.), respectively. No distinguishing features 
were observed on microscopic examination of the corroded samples. In 
two other mine waters, the corrosion losses were substantially the same 
for the respective samples. These tests were incidental to other tests 
and were not sufficiently comprehensive to warrant drawing definite 
conclusions. In further work with the accelerated electrolytic corrosion 
test, as developed recently in the Bureau of Mines, tests were made 


* Published by permission of the Director, Bureau of Mines of the Department of 
the Interior. 

t Metallurgist, Bureau of Mines, Experiment Station. 

t Instructor in Metallurgy, University of Cincinnati. 

1 W. A. Selvig and G. M. Enos: Corrosion Tests on Metals and Alloys in Acid 
Mine Waters from Coal Mines. Butt, 4, Coal-Mining Investigations Series, Carnegie 
Inst, of Tech., Pittsburgh (1922). 

® R. J. Anderson and G. M. Enos: Microstructural Aspects of Metals and Alloys 
Corroded by Acid Mine Water. Bull. 6, Coal-Mining Investigations Series, Carnegie 
Inst, of Tech., Pittsburgh (1923). 
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on 70:29:1 copper-zinc-tin alloy of different grain sizes, in the form of 
tubes and sheets, in six corroding media. 

The writers wish to acknowledge the aid given by J. R. Adams in the 
laboratory work. 


Materials Used for Testing 

The materials used for testing were commercial tubes and sheets of 
varying grain size, furnished through the courtesy of brass manufacturers. 
The tubes were admiralty condenser tubing in. in diameter, 0.065 in. 
wall thickness, and 18 in. long, and varied in grain size by intervals of 
about 0,01 mm. from 0.01 to 0.10 mm. The grain sizes were produced 
by definite anneals of hard-drawn tubing. The average composition of 
the material was: Copper 70.34 per cent., lead 0.01 per cent., iron 0.03 
per cent., tin 1,34 per cent., zinc (by difference) 28.28 per cent. 

The sheet samples were in the form of strips 3 in. wide by 6 in. long, 
No. 16 B. & S. gage, and of different grain size. The composition of 
these samples was: Copper 70.80 per cent., lead 0.055 per cent., iron 
0.026 per cent., tin 1.05 per cent., zinc (by difference) 28.069 per cent. 
The grain sizes were: 0.015 mm., obtained by annealing for 30 min. at 
400° C. a strip that had been rolled to size following an anneal at 400° C.; 
0.250 mm., obtained by annealing at 800° C. a strip that had been rolled 
to size following an anneal at 800° C.; uneven grain structure of 0.015 to 
0.068 mm. obtained by annealing at 400° C. a strip that had been rolled 
to size following an anneal at 800° C.; and 0.250 mm., with distorted 
grains obtained by rolling to size a strip that had been annealed at 800° C. 

Method of Testing 

The method of testing was the accelerated electrolytic corrosion test, 
developed by the writers and J. R, Adams® in the Bureau of Mines, 
In this test, the metal or alloy to be tested for corrosion is made the 
anode in the corroding medium (this must be an electrolyte) and platinum 
wire is used for the cathode. Any simple type of electrolyiiic apparatus 
with rotating spindle connections may be employed, and the speed of 
rotation should be capable of control. The imposed current is passed 
through the electrolytic cells in series in the case of a multiple-cell 
apparatus, and the current may be regulated by a lamp-bank resistor. 
The cells are heavy-walled glass beakers of about 500 c.c. capacity. 

Samples for test may be prepared of any convenient size, say 10 to 
60 sq. cm. of exposed surface. Heavy copper wires are soldered to the 
test samples for connection to the anode spindles. The test piece 

*E.. J- Anderson, G. M. Enos, and J. R. Adams: Accelerated Corrosion Testing 
of Metals and Allo 3 rs, with Special Reference to Acid Mine Waters. Bull. 6, Coal- 
Mining Investigations Series, Carnegie Inst, of Tech., Pittsburgh (1923). 
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should be run for a sufficient period of time to yield a weighable loss; 
most commercial metals and alloys will show a decided loss in 8 hr. in most 
electrolytes. Record is kept of the weight of the test piece before and 
after corrosion, the area of the exposed portion, the current imposed, the 
voltage drop per cell, the chemical analysis of the test piece, the chemical 
analysis of the electrolyte, and the nature of the coatings and precipitates 
formed. For various reasons, the current density should be preferably 
about 0.18 amp. per sq. dm. of surface exposed. Speed of rotation, 
current, time, and other factors may be varied to suit conditions. 

In the tests on the tubes and sheets, six electrol 3 rfees were used; viz., 
(1) acid mine water, containing 2020 p.p.m. of free suKuric acid (plus 
sulfates of iron and aluminum not determined) ; (2) dilute sulfuric acid, 
15,760 p.p.m.; (3) sea water, 4 per cent, sea salt by weight; (4) aqueous 
sodium-chloride solution, 8 per cent. NaCl by weight; (5) aqueous 
sodium-hydroxide solution, 1 per cent. NaOH by weight; and (6) tap 
water, containing 8 p.p.m. of calcium carbonate. There were thus two 
acid solutions, two alkaline solutions, and two neutral salt solutions. 
With few exceptions, the test pieces were run in duplicate and both the 
tube and sheet samples were corroded in the above electrolytes. The 
speed of rotation was 140 r.p.m. and the temperature was 20° ± C. 

For the tubes, test pieces were cut about 234 iiJL. long, and an area of 
40 to 50 sq. cm. was exposed to the corroding media. A current sufficient 
to give a current density of not over 0.2 amp. per sq. dm. was used, and 
the nominal amperage may be taken as 0.11-0.12 amp. per sq. dm. of 
exposed surface area. The samples were exposed in the various elec- 
trolytes for 6 hr. Before immersion, the test pieces were measured 
and weighed, and the proper depth of immersion calculated. After 
being corroded, the samples were washed in running water and cleaned 
with a stiiBf bristle brush, dried, and again weighed. The area over 
which corrosion took place was then calculated from final measurements. 

For the sheet brass, strips were cut 34 by 3 in. in size, and an area 
of about 14 sq. cm. was exposed to the corroding medium. The current 
density was 0.16-0.17 amp. per sq. dm. on the average. Analvses 
were made of the coatings formed and the electroljrtes after corrosion 
for certain of the tests, but these were not run for all because the results 
showed only that the tendency is to corrode copper and zinc in amoimts 
proportionate to the nominal composition. 

Results of Tests 

The data for the corrosion of the tube samples are plotted in Fig. 1. 
The average values for the duplicate runs are plotted, and the curves 
show the loss in weight per unit current density vs. the grain size. The 
ordinate figures were obtained by dividing the total loss in weight by the 
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current density for the various grain sizes, and this yields convenient 
figures for comparison. For direct comparison, the loss in mg. per sq. 
cm. per day is also convenient, but this does not take account of slight 
variations in current density. 
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GRAIN SIZE, MILUMETERS 

Fig. 1, — ^Effect of grain size on corrosion loss of admiralty tubing in several 

ELECTROLYTES (ACCELERATED ELECTROLYTIC TEST). 


Discussion of Results 

Examination of the curves shows that for the tubes there is slight 
increase of corrosion with increasing grain size in 8 per cent, sodium 
chloride and dilute sulfuric acid. The grain size had practically no effect 
on the corrosion loss in sea water and tap water. In mine water, the 
curve is irregular; this is to be expected because of the complex nature 
of the water and the hydrolysis that occurs. In sodium hydroxide, there 
is a marked drop in loss at grain size of 0.03 mm. in diameter. 

For the sheet, the fine-grained samples (0.015 mm.) had the least 
loss in sodium hydroxide and in dilute sulfuric acid, while in mine water 
the large-grained (worked) samples had the smaller loss. In the salt- 
water solutions, the fine-grained samples had a slightly smaller loss. 

It should be emphasized that the actual loss in weight on corrosion 
in any of the media is but slightly affected by the grain size. Comparison 
of the relative losses of the tubes and sheet cannot be made because the 
current densities employed were different and also because of variation 
in methods of working and annealing. It is possible to compare the 
relative order of loss by grain size in the same solution but not the 
actual loss. 
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Lack of space prevents extended discussion of the nature of the pre- 
cipitates formed in the cells and on the anodes and cathodes in the tests. 
In practically all cases, some copper was deposited on the cathodes. The 
acid solutions turned blue quickly and maintained that color during the 



test runs, and the anodes became copper red in color. In the salt solu- 
tions, large quantities of flocculent precipitates formed, probably basic 
chlorides; these were variable in color with orange predominating. 
Scale was formed on the anodes in the salt solutions. The loose coatings 
on the anodes formed in the acid and salt solutions were easily removed 
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in cleaning. In the basic electrolytes, thin coatings formed on the 
anodes: these seemed to inhibit corrosion. 

Microscopy of Corroded Samples 

After cleaning, the corroded samples were examined ocularly and also 
at 75 diameters under a binocular microscope, and selected samples were 
studied microscopically at high magnification. Pig. 2 shows a group of 
six typical tube samples, all of the same grain size, 0,082 mm., corroded 



(a) (6) (c) 

Fig. 3. — Group op corroded samples; (a) tube corroded in sea water, not 
cleaned; (6) sheet, NaCl solution, cXiEANED; (c) tube, sea water, not cleaned; 

ALL ACTUAL SIZE. 

in the different electrolytes; these samples were cleaned before being 
photographed. In Fig. 3 (a) is a tube after corrosion in sea water; 
this was not cleaned. The deposit on the surface was copper red in color 
and apparently was copper or copper oxide or a mixture of both. Fig. 
3 (6) is a sheet sample corroded in 8-per cent, sodium-chloride solution, 
after cleaning; and (c) is a tube, not cleaned, after corrosion in sea water, 
showing a band of scale formed at the water line. The band was pale 
blue in color, but below it the coating was typical copper red. 

It is convenient, in discussing the microscopy of the corroded samples, 
to consider the effects given in the acid, basic, and neutral solutions. 
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Visual and microscopic examination revealed certain definite character- 
istics for the tube and sheet samples in the different electrolj’iies. 

Add Solutions 

The microscopic features of the tube and sheet samples corroded in 
mine water and sulfuric acid were similar. Etching effects resulted from 
the corrosion, as is shown in Fig. 4 (a), (&), and (c), the grain structure 
being developed by the acid attack. The central portion of (c) is shown 
in (d), at higher magnification; the structure appears ‘^pearlitic.'^ A 
nodular structure with very fine pitting, somewhat similar to (d), is 
shown in (e) ; in (/) cracks developed on the inside edge of a tube are 
shown. In general, the corrosion of the alloy in sulfuric-acid solutions 
is characterized by very fine pits, uniformly distributed, and by an etching 
effect that develops the internal structure. Cracks may be formed on 
the edges of tubes, but these are not so pronounced or numerous as 
when corrosion takes place in sodium-chloride solutions. 

Sodium-chloride Solutions 

Corrosion of tube and sheet samples in sea water and sodium-chloride 
solution gave similar effects, Fig. 5 (a) shows a nodule of brass left on 
the corroded surface of a tube, the darker areas are copper or copper 
oxide; (6) shows a similar sample of smaller grain size; (c) shows the 
etching pattern produced on a sheet sample corroded in sea water; and 
(d) a similar sheet corroded in the sodium-chloride solution; (e) shows 
brass nodules left in situ, the surface is finely pitted; (/) shows the 
intergranular cracks set up on the inside edge of a tube sample by the 
sodium-chloride solution. Aside from the coatings formed, corrosion of 
the material in sea water and the sodium-chloride solution is charac- 
terized by the “splotchy” or patchwork appearance of the surface, 
where the brass may be left as nodular masses, or the whole surface 
may be evenly attacked. Many small pits are formed. Etching 
effects are noted, particularly on the sheet. The coatings usually 
consist of copper, or copper oxide, below the water line; at the line, 
and above, a scale, or coating, may form; this consists probably of basic 
chlorides. 

Alkaline Solutions 

Corrosion in tap water and sodium-hydroxide solution gave similar 
microstructural features on examination, Dark brown coatings having 
a glazed appearance were formed on the samples; these were uniform in 
appearance to the naked eye. Fig. 6 (a) shows the surface of a tube cor- 
roded in tap water; while the surface appeared smooth to the eye, deep 
ridges and pits were noted at 300 diameters. In (&), the surface of a tube 
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(a) (b) 
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(«) Q>) 



(c) (d) 



(e) O) 

Fia. 6. — Miobosgopio aspects of brass corbobion in sea water and sodium- 
chloride solution; (a) tube, grain size 0.082 mm, diameter, corroded in sea 
WATER, X 300; (6) TUBE, 0.030 MM.. DIAMETER, SEA WATER, X 300; (c) SHEET, 0.025 
MM., SEA WATER, X 10; (rf) SHEET,* 0.25 MM, SODIUM-CHLORIDE SOLUTION, X 10; (e) 
SHEET, 0.25 MM. SODIUM-CHLORIDE SOLUTION, X 300; if) TUBB^.030 MM. DIA^OITER, 
SODIUM-CHLORIDE SOLUTION, CRACKS ON INSIDE EDGE, ETCHED NH4OH + HsOs, X 300. 
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Fig. 6. — Microscopic aspects op brass corrosion in soDitrM-HTBROXiDB 

SOLUTION ANI> TAP "WATER; (tt) TUBE, GRAIN SIZE 0.100 MM. DIAMETER, CORRODED IN 
^ tube, 0.100 MM. DIAMETER, SODIUM-HYDROXIDE SOLUTION, 

X 3 00; (c) SHEET, 0.025 mm. tap water, X 300; (d) sheet, 0.015 mm., sodium- 
hydroxide SOLUTION, X 300; («) tube, 0.038 mm. diameter, sodium-hydroxide 
solution, cracks and nodule of copper, etched NH 4 OH 4- HsOs. X 500. 
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corroded in sodium-hydroxide solution is shown; the corrosion left parallel 
ridges and minute pits. In (c) is the microstructure of a sheet sample that 
was pitted but parallel ridges were not formed. In (d), ridges or nodules 
resulted from the attack, (e) shows the edge of a tube with a copper 
nodule, or copper deposited in a pit. The deposited copper layer on the 
edge may also be noted. Corrosion in the alkaline solutions is charac- 
terized by the formation of coatings of copper, or copper oxides and 
hydroxides, which adhere much more tightly than the coatings formed on 
samples corroded in the other media. Cracks are set up at the edges of 
tubes on corrosion in the alkaline solutions as in the other media. 

Summary and Conclusions 

The following conclusions are drawn as a result of this investigation : 

1. The effect of grain size on the corrosion loss of admiralty metal 
(70 :29 :1 copper-zinc-tin) in the six solutions tested is very small and 
probably can be ignored in practice. This refers to grain size within the 
limits 0.01 to 0.10 mm. diameter. 

2. In general, brass with smaller grain size corrodes less than that 
with larger grain size. 

3. The microstructural aspects of the material corroded in similar 
solutions ( 2 . 6 ., acid, basic, and neutral) are similar. 

4. Intergranular cracking is caused by the action of the various 
corroding media. 

DISCUSSION 

Henry S. Rawdon,* Washington, D. C. (written discussion). — So 
numerous and so varied are the factors that affect the corrosion of metals 
that particular care is necessary in corrosion tests to eliminate so far as 
possible all extraneous factors. It appears to the writer that the ques- 
tion may well be asked as to whether all the necessary precautions have 
been observed in this investigation. It may be that the points to be men- 
tioned were considered by the authors and found to be insignificant; 
however, there is nothing in the report to show this. 

It appears to the writer that a sample entirely immersed within the 
liquid should give more accurate and reproducible results for two reasons. 

(1) The corroded area can be measured more accurately. Figs, 2 and 3 
show that the boundary line between the corroded (immersed) portion 
and the uncorroded part is decidedly irregular in some cases; hence the 
measurement of the corroded area is bound to be subject to some error. 

(2) The elimination of any error caused by the ''water line” effect. It 
is a matter of common experience that a specimen partly immersed 
within a corrosive liquid is, in practically all cases, attacked most vigor- 

* Physicist, Bureau of Standards. 

VOL. txx. — 26 
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ously at the water line.” Specimens totally immersed are free from this 
relatively more intense localized attack. Whether this factor is of any 
material importance in corrosion tests of the kind discussed in this partic- 
ular investigation is not apparent from the report. 

The use of totally immersed specimens would necessitate, of course, 
a slight modification in their preparation. Instead of a simple soldered 
junction at the top on the outside, a union of the same kind on the inside 
of the tube, which could then be filled with paraffin or other wax, would 
be necessary. 

It may be pointed out, in passing, that in Fig. 1, the plotted data do 
not justify the two lower curves being drawn as shown. When drawn 
as the data suggest, they help to confirm further the general conclusion 
reached by the authors concerning the relation between the grain size 
and the corrodibility of brass. 

Robert J. Anderson, — When these tests were carried out the points 
just mentioned were considered, but it was decided to employ the 
methods described because we had done previous work in the same way 
and wanted to carry that along. Subsequently, we have used total 
immersion tests; in the case of tubing we have inserted a cork in the 
bottom and applied sealing wax, or similar substance, to the top so that 
only a portion of the external surface of the tube sample is exposed. 
Some of the apparent anomalies in the curves may be explained by lack 
of precision in the method. But in spite of that, the results show, and 
they have been checked time and time again, that this matter of grain 
size is apparently not important. 

W. R. Webster, Bridgeport, Conn. — In that connection is not the 
author's statement possibly open to misconception? He states that the 
corrosion is less in the case of the finer grains than in the case of the 
coarser; the paper, though, shows that that statement cannot be made 
very broad. 

Robert J. Anderson, — That is quite true. As I explained, when 
reading the paper, subsequent work has shown that apparently grain 
size does not have any effect at all within a range of sizes with which 
we are concerned. 

Francis B. Coyle, Brooklyn, N. Y. — Was an attempt made to stand- 
ardize the length of time used in making the corrosion test? If a fitting 
is put in service, a certain amount of corrosion takes place; has any work 
been done to correlate the amount of corrosion that takes place in the 
test and the actual corrosion that takes place in service? 

Robert J. Anderson. — Not in the present instance. Work has been 
done, however, by the Bureau of Mines on the correlation of results 
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from simple immersion tests in mine waters with results from the accel- 
erated electrolytic corrosion test in the case of about fifty metals and 
alloys. Simple immersion tests have not been made of the tube samples 
described in the present paper, nor has correlation been made with 
service corrosion data. 

Mr. Saxtrwein. — Do these grain sizes correspond with grain sizes 
used in commercial tubing specified by the A. S. T. M. ? 

William B. Price, Waterbury, Conn. — The grain size was approxi- 
mately 0.01 to 0.10 mm.; it was within the A. S. T. M. specifications 
approximately up to 0.045 mm. 

W. R. Webster. — It covers the range within which the tubes are 
likely to be found in service, and a somewhat wider range than is per- 
mitted by the A. S. T. M. specifications. 
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The Reduction and Refining of Tin in the United States 

By H. H. Alexander,* and J. E. Stack, t Maurer, N. J. 

(New York Meeting, February, 1924) 

Prior to 1915, numerous attempts were made to treat tin concentrates 
in the United States, but for various reasons they were unsuccessful. 
Tin ore is said to have been found in nearly every state, but none of the 
deposits has proved to be of commercial importance. An annual output 
of a few hundred tons in Alaska is the only domestic production; hence 
any considerable production of tin in the United States must be from 
foreign ores. The most promising occurrence of tin was found in the 
Black Hills, S. Dak.; in the early development stage, it was called the 
Cornwall of America. Associated with the tin is tungsten. The story 
is told that an exceedingly fine specimen of the Black Hills ore was 
sent to England to encourage stock promotion; the desired effect was 
produced until a skeptic chipped off a small piece, which the analysis 
showed to be wolframite. 

First Attempts at Smelting 

One of the first promising attempts at tin smelting in the United States 
was made by R. T. White at Bayonne, N. J., in 1903. Mr. White, after 
spending some time in England studjring the methods of tin smelting, 
organized a company called the International Tin Co., and erected a 
plant to treat tin concentrates from the Straits of Malacca. About the 
time the plant was completed, the English Government placed an export 
duty of 40 per cent, ad valorem on tin concentrates exported to other 
than British smelters, which duty made it impossible to operate this plant 
so the enterprise was abandoned. As this export duty is still effective, 
the only source of tin-ore supply for the United States is the 
Bolivian concentrates. 

Bolivian Tin Concentrates 

Unlike the alluvial placer deposits, nearly all Bolivian tin occurs in 
lode deposits and some of the highest grade ores contain only a small 

* Manager, Perth Amboy Plant, American Smelting & Refibning Co. 

t Superintendent Tin Operations, Perth Amboy Plant, American Smelting & 
Refining Co. 
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percentage of tin. The Bolivian tin concentrates, or barilla/' usually 
contain from 68 to 70 per cent, of tin, while the concentrates from the 
alluvial deposits, especially the Straits, contain from 70 to 76 per cent, of 
tin, the balance being slag-forming constituents. If pure, the mineral 
cassiterite contains 78.8 per cent, of tin. The tin in Straits concentrates 
is easily reduced and the resultant metal is of high purity containing 
from 99.75 to 99.9 per cent, tin; the treatment of the Bolivian concentrates 
is extremely complicated and to produce a similar grade of tin from 
Bolivian ores, special extra treatment such as electrolytic refining is 
necessary. 

Some of the impurities generally associated with Bolivian tin ores are; 

(1) Easily reducible impurities — ^lead, copper, arsenic, antimony, bismuth; 

(2) more diflSicult to reduce — ^iron; (3) slag-forming — silica, alumina, 
lime, tungsten; (4) matte-forming — sulfur. 

Although Bolivian ore-dressing methods have been referred to as 
crude and defective, in most cases, a good grade of concentrates is 
produced. Recently, improvements have been made in the product by 
means of roasting, magnetic separation or lixiviation; in this manner, 
impurities not easily eliminated otherwise are removed. Concentration 
by flotation is applicable to tin ores as a number of the impurities — iron, 
bismuth, lead, copper, etc. — occur as sulfides; the sulfide concentrates 
contain the impurities and small amounts of tin oxide, while the tailings 
contain the tin oxide essentially free from impurities. The flotation 
process has been successfully used for separating lead from tin in the Ear 
East and has recently been introduced in Bolivia. 

When the amount of the reducible impurities is small or so related to 
the tin contents that, on smelting, a metal of merchantable quality can 
be produced, no preliminary treatment of the concentrates is necessary. 
Some of the Bolivian concentrates are sufficiently pure for direct smelting 
for the production of common, standard, or smelter tin, which usually 
contains 99.00 to 99.30 per cent, tin and is suitable for making solder and 
some alloys. Lead is not an objectionable impurity for solder making; 
many brands of Chinese tin contain several per cent, of lead. 

Although the Bolivian concentrates can be purified by roasting with 
chemicals and leaching preliminary to smelting, the metal produced is 
inferior in purity to Straits, Banka, or Electrolytic tin. The usual impu- 
rities associated with tin, such as lead, copper, arsenic, antimony, and 
bismuth, cannot be eliminated by such simple methods as scorifying, 
liquating, crystallization, or poling. The series of oxidization of these 
metals is as follows in the order given : tin, antimony, arsenic, lead, bismuth. 
To date the only practical solution of the problem for the separation of 
these impurities from the tin lies in electrolysis, in which case preliminary 
■ treatment of the ore before reduction, while desirable, is not necessary. 
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The accompanying tabulation is representative of the various Bolivian 
brands; such as Araca, Colquiri, General, Huanchaca, Llallagua, Oruro, 
Oploca, etc., also the product from Alaskan producers, such as the 
American Tin Dredging Co., Northern Commercial Co., and the York 
Dredging Co. These analyses are representative of the class of material 
treated during 1918 to 1922. The concentrates occasionally contain 
small amounts of gold and silver, but their presence is erratic. Many of 
the Bolivian tin properties were formerly worked as silver mines but the 
tin concentrates do not now contain suflScient silver to be considered an 
asset. It is not imcommon to find gold associated with tin in the Alaskan 
placer deposits and the miners pay particular attention to its removal. 


PuKCHASING OF TiN CONCENTRATES 

The purchasing of tin concentrates in this country is done chiefiy by 
contract, usually on an annual basis calling for delivery of a certain 
definite tonnage. 


Payment for Tin 

Usually 96 to 98 per cent, of the tin contents are accounted for, 
depending on the kind of ore; in some cases payment for all the tin is 
made, the smelting losses, etc. being taken care of in the treatment charge. 
The value of the tin is usually determined by taking the average of 
the prices ruling on the London Metal Exchange for Spot and Three 
Months Standard Tin, as quoted during the second calendar month after 
shipment is made. This means that if a shipment is made on January 14, 
the liquidation would be made as per the average of the quotations for 
the month of March. 
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Treatment Charge 

The returning charge and final settlement for the ore is made in 
pounds sterling. The rate of exchange in recent years has been an impor- 
tant factor in governing the net returning charge; therefore, to offset 
fluctuations in the rate of exchange and to stabilize the returning charge, 
the value of the pound sterling may be fixed for the duration of the 
contract. All transactions are based on a ton of 2240 lb. 

Premiums and Penalties 

The concentrates are nearly all purchased on a 60 per cent, tin basis; 
for each unit or fraction thereof above or below 60 per cent., the returning 
charge is reduced or increased at the rate of 5s. per unit. The net 
returning charge has varied from £10 to £25. The basic price for standard 
tin is generally taken at £170 per ton and the returning charge is increased 
or decreased at a fixed rate for each pound sterling the settlement quota- 
tion is above or below £170. One per cent, of sulfur is allowed free and is 
penalized at the rate of 10s. per unit or fraction thereof over 1 per cent. 

Iron 

Five per cent, of iron is allowed free and is penalized at the rate of 
10s. per unit or fraction thereof over 5 per cent. The usual splitting 
limit on assays are as follows: Tin 0.5 per cent., sulfur 0.2 per cent., 
iron 0.2 per cent. 

The undesirable constituents such as lead, copper, arsenic, antimony 
and bismuth are not penalized specifically but an increased treatment 
charge is made to cover costs occasioned. 

Assays and Analysis 

On tin concentrates, the determination of the settlement assay is 
always made by. the fire-assay method; i.e,, fusion with sodium cyanide. 
The method is unreliable at its best. As most metals are reduced by the 
cyanide, their removal is necessary before fusion. Many are removed by 
prolonged treatment of the finely divided sample with HCl and HNOa. 
Iron is difficult to eliminate entirely; and if present as magnetite, it is 
never completely removed. Tungsten and silver are removed, if present, 
by treating the residue with NH4OH. 

Small amounts of tin are retained in the slag. Silica causes incom- 
plete recovery of tin; up to 10 per cent. Si 02 the error is not large but 
above this it soon becomes prohibitive. These errors, together with 
absorption and volatilization, are usually less than the error due to the 
iron and other impurities reduced with the tin in the button. Correction 
for purity of the button is not allowed. The cyanide-tin results are always 
checked by a reliable wet method. 
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The volumetric analysis is done according to the well-known method 
of E. V. Pearce. The sample is generally decomposed by fusion with 
Na202, NaOH, or by heating with CaCOg. The melt or heat is dissolved 
in HCl and the tin reduced to the “ous” state by metallic nickel in 
strong HCl solution and then titrated with iodine in an atmosphere of 
CO 2 . The method is used on ores, slags, and intermediary products. 

The determination of tin in metal, such as refined tin and anodes, 
is made electrolytically by deposition from a double ammonium-oxalate 
solution. Credit for worHng out the details of this method are due to 
Messrs. Eyerkuss and Jaeger, of the Perth Amboy plant. The impurities 
in tin are determined by methods similar to those outlined by 
W, A. Cowan. ^ 


Practical Tests for Tin 
Cornish Assay 

The Cornish assay is made to determine the approximate quantity 
and quality of the tin that will be produced from smelting a given ore. 
The sample is fused with 20 to 25 per cent, of fine coal. The button 
produced is melted in a small iron ladle and the excess tin is removed 
from the dross or alloy by squeezing with a thick iron spatula. When 
cool enough, the tin is poured into a sandstone or marble mold and the 
specimen examined for characteristic appearances. 

Stone-mold Test 

If a sample test bar of tin is cast by pouring into a stone mold, which 
allows slow cooling, the segregation of the impurities will be more 
pronounced for visual examination. If the sample is pure, the surface 
of the bar will be bright, smooth, lustrous, and slightly convex. Impuri- 
ties cause a duU, frosted, or crystalline appearance and a rough or 
depressed surface. To ’one experienced with the test, it serves as an 
excellent guide to the quality of the tin under consideration. Small 
amounts of iron, copper, and arsenic usually increase the surface luster 
and hardness. Contamination with lead, copper, and bismuth, in small 
percentages, is indicated by a frosty appearance on the surface. 

Arsenic has the most pronoimced effect on tin and in quantities over 
0.1 per cent, it is very deleterious, causing brittleness and increasing 
hardness. If present in sufficient amount, the test bar may show a bright 
lustrous surface similar to pure tin and consequently may hide many 
other impurities. 


1 Metallurgy of Tin and Antimony. Trans. Am. Inst, of Metals (1914) 8, 
196. 
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Fracture or Bending Test 

A sample bar of the tin under consideration is poured into a small 
iron mold and allowed to cool. When cool, it is partly cut through in 
the center with a sharp chisel, bent double, and the fracture examined. 
A smooth or silky appearance of the fracture indicates high purity and 
a broken or ragged fracture shows impurities. The hardness and brittle- 
ness are perceptibly increased by small percentages of lead, copper, 
arsenic, and bismuth and the fracture will break or tear on bending, 
if any of these impurities are present. 

Antimony can be present without positive detection by these tests; if 
suspected in large amounts, an additional test is made. The sample is 
mixed with an equal weight of lead and a small solder bar cast, which 
will show a frosted line in the center if considerable antimony is present. 

The same test is used for arsenic. If present in quantities much over 
0.1 per cent., the surface of the solder bar will be covered with small circu- 
lar blotches, the appearance of which is strongly objected to by the 
solder trade. 

Establishmeni of Tin Smelting in United States 

In 1915, an opportunity presented itself for the establishment of a 
tin-smelting industry in the United States. Because of the World War, 
the Bolivian tin concentrates could not be safely transported to Europe, 
with the result that large stocks were accumulated and Bolivia, having no 
smelting facilities, was obliged to look elsewhere for disposal of this large 
surplus. Her output had gradually increased xmtii it was about 25 per 
cent, of the world’s production. A scarcity of the metal had become 
noticeable in the United States. The American Smelting & Refining 
Co., therefore, decided to treat these ores and the Perth Amboy plant at 
Maurer, N. J., was selected for the smelter site. 

Ernest Y. Pearce, of Cornwall, En^and, was secured to design and 
operate the plant. Plans were drawn and construction started in July, 
1915; the new smelter was built and operations were begun in Mar(^, 
1916. After designing the plant, Mr. Pearce spent several months in 
Bolivia contracting for an ore supply. Such ores were selected as would, 
by blending, produce tin of a merchantable quality. Mr. Pearce remained 
imtil 1918 and much of the credit for the success of the venture was due to 
his efforts. In 1918, the Williams Harvey Corpn., of En^and, and the 
National Lead Co. jointly erected a tin smelter at Jamaica Bay, Long 
Island, at which plant a leaching process was successfully used, prelimi- 
nary to smelting for the production of standard tin. 

Several other smelters sprang up about this time but did not continue 
permanently; Richards & Co., at Boston, and the American Tin Smelting 
Co., at Matawan, N. J., may be mentioned. Also companies producing 
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white-metal occasionally smelted tin concentrates, such as the Union 
Smelting & Refining Co., at Newark, and the Nassau Smelting & Refining 
Co., at Tottenville, Staten Island. 

Description of Perth Amboy PlarU 

The Perth Amboy installation consists of the various buildings with 
the following equipment: 

Sampling Mill: Scales, crusher, rolls, sample finishing room, ele- 
vators and storage bins. 

Roaster Building: Two 15-ft. diameter. Wedge, muffle-type roasters. 

Beverberaiory Charge Building: Scales, elevators, pug mill, crusher, 
screen, rolls and storage bins. 

Reoerheraiory-fumace Building: Two oil- or powdered-coal-fired 
reverberatory furnaces, hearth 12 by 40 ft. equipped with 160-hp., 
waste-heat boilers. 

Liquator Building: Three liquating furnaces, two 15-ton cast-iron hold- 
ing kettles, a 10-ton crane, and an anode casting wheel; in addition, two 
small reverberatory concentrator furnaces for treating bismuth slimes. 

Blast-furnace Building: Blast furnace 42 by 144 in. at tuyeres, a 
Dwight-Iloyd sintering machine, necessary charge scales, and slag- 
granulating system. 

Slag-furnace Building: Two reverberatory, slag-settling furnaces 
14 by 28 ft. long with slag-granulating system. 

The furnace buildings are connected and served by two 24-in. gage, 
electric, industrial locomotives. The ore to and from the roasters is 
trammed on an 18-in. industrial track,, connecting the roasters, reverbera- 
tory charge building, and the sintering machine. All of the smelting 
furnaces, except the slag-settling furnaces, are connected to a baghouse 
by a trunk flue. 

Accessory Equipment: Baghouse, powdered-coal installation, oil 
storage and equipment, and bedding system. 

Processes and Purification 

The process intended to be used was the time-honored method prac- 
ticed in England. Generally speaking, the practice of the art had been 
maintained a dosdy guarded secret. It is not a reflection to say that no 
important changes or advances had been made in the metallurgy of tin 
for many decades. The process was 'satisfactory, competition was not 
sufficient to warrant a change, and the class of concentrates available 
was not of an exceedin^y impure character; or, if so, an ample supply of 
concentrates free from impurities could be obtained for blending to 
produce standard tm. 
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Professor Henry Loms states, in the preface of his book “Metallurgy 
of Tin:" 

Authexitic information on the subject of tin smelting is somewhat scarce. The 
small amount of new matter is due to two reasons, firstly, the unprogressive char- 
acter of tin smelting which continues from decade to decade with comparatively 
little change, and secondly, the profound degree of secrecy observed by tin smelters 
who are extremely anxious to keep to themsdves any modifications or improvements 
in the processes of tin smelting. To what extent those two facts, the slow advance 
of the industry and those engaged in it, are related as effect and cause, may be left 
to the judgment of the reader. 

It was tbe intention to give the ores a chloridizing or sulfating roast 
with subsequent leaching with muriatic or sulfuric acid for the extraction 
of iron and impurities. The lixiviant could be purified and the iron 
precipitated, recovered, and marketed as hematite or rouge, and the lixiv- 
iated ore reduced to metallic tin. For this purpose, two five-hearth 
Wedge mufl3e roasters were installed, one up-draft for the chloridizer and 
one down-draft for the sulfatizer. The ferriferous ores were to be sul- 
fated by adding sulfur and roasting and the sulfide ores chloridized by 
adding salt and roasting. The processes of sulfating and chloridizing 
were patented by E. V. Pearce, from whom rights to use were acquired. 

After a complete investigation of the chloridizing and leaching process, 
it was concluded that it did not offer sufficient advantages. Although the 
removal of any iron would facilitate the smelting operations, the final 
metal produced would not command the high price obtained for electro- 
l 3 d;ic or other pure tin. 

Without going into the details of the process, it will suffice to say that 
the purpose of this operation of roasting and leaching was to eliminate 
reducible impurities such as lead, copper, arsenic, antimony, and bismuth, 
and remove iron and sulfur. The operation is difficult, and a clean, 
sharp separation of the impurities is not easily made; consequently, the 
tin produced is not of such high purity as that produced by electrolysis. 
The elimination of the iron is partial, but whatever is eliminated is 
advantageous. Many of the tin smelters in England and on the Conti- 
nent use some method of purification before smelting such as salt roast- 
ing and leaching. 

Smelting Process 

Smelting operations were started at the Perth Amboy plant in March, 
1916, and the methods and improvements will be described in chrono- 
logical order. 

Receiving and Sampling 

The tin concentrates, as received from Bolivia, are contained in paper- 
lined jute or canvas bags, each containing 110 lb. of ore. The ore is 
delivered to the sampling building, where weighing, moisturing, and 
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sampling is done according to conventional methods, in the presence of 
the shipper’s representative. The concentrates classify into: 

Fine — ^20 to 60 mesh; Coarse — in. size; Lump — J^bylin. 



FiQ. 2. — ¥LO\r SHEET or TIN BI/ABT-PUBNAOE SUEI/nHG PBOOESB. 


The bags, when empty, are cleaned by a suction bag-cleaning device, 
taxed, and returned to the shipper. The concentrates are stored 
in 50-ton bins, where the different grades can be held separately. The 
lump ore is crushed and rolled to iQesh and is then delivered 

to bins. 



H. H. ALEXANDEB AND J. R. STACK 


415 


Roasting 

The concentrates containing one or more per cent, sulfur are roasted. 
Any sulfur in the smelting mixture forms tin sulfide, or matte, which is 
readily volatilized, resulting in heavy tin loss and the production of 
excessive amounts of byproducts, such as matte, fume, and after-stuff. 
The roaster charge is from 35 to 40 tons per day and consists, essentially, 
of ore plus the current amount of byproducts made, such as tin matte, tin 
fume, and after-stuff (dross from liquating). 

The roaster is maintained at a dull red heat, which is sufficient to 
drive off sulfur. Frequently higher temperatures are obtained through 
the byproducts, which are often autogenous, because of the sulfides and 
finely divided particles of tin present. 

The roasted material, or calcines, should have the sulfur contents 
reduced to less than 0.5 per cent. The calcined material is transferred to 
the reverberatory-charge building storage bins. The hot gases, contain- 
ing SO 2 , are conducted to the baghouse and filtered free from dust 
particles, which are, essentially, finely divided ore. 

Reverberatory Furnaces 

The two reverberatory furnaces are of the same size, namely 40 ft. 
long by 12 ft. wide, inside. The arch is built of 12-in. silica blocks and 
the side walls are built of firebrick, except at the metal line where magne- 
site bricks are used. The bottom is thick, built of firebrick, 

and is flat except for a slope of 4 in. from the front, bridge, and sides to 
the tap hole. Particular care and skill are used in laying the bottom, 
for in spite of the best workmanship, tin will leak through. The bottom 
is supported by two large I beams longitudinally placed and resting upon 
brick piers. Upon these I beams are placed transversely 4-in. I beams 
at 8-in. spacing, and upon the latter are laid rectangular slate slabs 
about % in. thick, then a 6-in. layer of crushed brick or gravel and fire- 
clay, on top of which 13j^-in. brick are laid in header courses. Each 
brick is either rubbed smooth and laid dry, or else it is dipped in a thin 
clay wash, closely fitted, and each row keyed as tightly as possible. 

The life of a furnace bottom is usually 8 to 12 months. The furnace 
bottom on slag smelting will last several times longer on account of the 
refractory nature of the alloy produced, which saturates and builds up on 
the bottom. A new furnace bottom is seasoned by alternate heating 
and cooling with an abundance of alloy, \mtil it has become saturated; 
this is the safest and best method to prevent the bottom from 
excessive leaking. 

Each furnace is equipped to be fired either by powdered coal 
or oil; the change from one to the other can be made on a 
moment's notice. The use of powdered coal is preferred to oil or hand 
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firing and no particular difficulties are encountered with its use, except 
the accumulation of ash in the uptake; this is remedied by increasing 
the area of the uptake and by frequent cleaning. 

A deep concrete vault is built under each furnace in order to collect 
the tin that leaks through. The slates underneath the bottom are 
pricked, when a new bottom is first started, to allow drainage for the tin 
that will leak through so as not to risk raising or jumping the bottom. 
The furnace bottom is cooled by natural draft through the vault and the 
temperature of the vault is not high enough to maintain the tin that has 
leaked through in a molten condition. Periodically, the tin is removed 
by specially heating the vault. 

Reverberatory Smelting 

The roasted material, consisting of concentrates and bsqiroducts 
containing generally 60 per cent, of tin or better, is thorou^y mixed 
with fine anthracite as a reducing agent. About 20 to 30 per cent, of coal 
is used for reducer, depending on the fineness of the roast and the fixed 
carbon or reducing power of the coal. The necessary fluxes are added 
to the mixture to give the desired slag; to ferriferous ores, silica may be 
added. The addition of silica increases the amount of slag produced and 
is not ordinarily used, unless ores high in iron are encountered. The 
charges are carefully made up in order to reduce the tin and produce a slag 
of about 35 per cent. Si02, 12 per cent. Fe, 26 per cent. CaO; this is the 
composition of the so-called clean, or waste slag, which contains about 
IM P®r cent, of tin. 

When smelting concentrates low in iron, a complete reduction of the 
tin is made in one operation and the clean slag is thrown away. On ores 
containing 3 per cent, or more iron, a two-stage smelting operation is 
necessary, in order to separate iron from tin. In the first step, 86 to 90 
per cent, of the tin is reduced, the remainder going into the slag together 
with the iron. This slag is then resmelted to reduce the balance of the 
tin; to accomplish this, part of the iron must also be reduced. The tin 
and iron reduced unite to form an alloy. The separation of the tin from 
iron in this alloy has been the bane of tin smelting. The smeltihg of tin 
concentrates containing iron can be divided into two steps, ore smelting 
and slag smelting. 

Ore Smdting 

After the roasted material has received its fluxes and is thoroughly 
mixed, the charge containing 12 to 16 tons of ore is delivered to four steel 
charge hoppers located centrally over the furnace. When the furnace 
is empty, from the previous diarge, the heat is diminished and the next 
charge is dropped from the hoppers and spread over the furnace bottom. 
The heat is raised and for the first 4 to 6 hr. the charge is not disturbed. 
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As soon as fusion begins and the charge starts to become pasty, it is 
stirred at J^-hr. intervals through the four side doors with long, iron 
rabbles. The time consumed in smelting a charge varies from 10 to 
12 hr. Fusion is complete when the charge becomes quiet and no dirty 
material comes off the bottom when stirred; the furnace is then ready 
to be tapped. The temperature of the furnace is maintained in the final 
smelting period at about 1300“ 0. The reduction of tin is a highly 
endothermic reaction and a perceptible increase in the temperature of the 
furnace occurs after the reaction is completed. 

Based upon thermo data taken from “Metalltn-gical Calculations” by 
Richards, the following is derived: 

1. SnOs = Sn + Oi — 141,300 calories 

2. C + Os = COs + 97,200 calories 

3. 2CO + Os = 2COs + 136,080 calories 

Adding equations (1) and (2) gives: 

SnOs + C = Sn + COs — 44,100 calories 

151 12 119 44 

which means that the reaction consmnes 44,100 calories and therefore 
is heat, which must be supplied from an extraneous source. It is equiv- 
alent to 371 calories per tmit of tin, or 667 B.t.u. per lb. of tin. 

Adding equations (1) and (3) gives: 

SnOs + 2 CO = Sn -f 2COs — 6220 calories. 

151 56 119 88 

which means that the reaction consumes 5220 calories and therefore 
is heat that must be supplied from an extraneous somrce. It is equivalent 
to 44 calories per unit of tin or 79 B.t.u. per lb. of tin. 

The tap hole is located on the side about midway of the furnace and 
delivers into a brick-lined settler. The tin is held in the settler and the 
slag overflows into slag pots. Electric locomotives convey the slag to a 
pit, where it is granulated. In this form the slag is more easily handled 
and more suitable for resmelting than if it is pomred in layers on plates 
or beds. 

The tin is tapped from the settler into a cast-iron pot and transferred 
to a holding kettie, from which it is cast into anodes on the usual mechani- 
cal casting wheel. 

If the tin produced from this smelting is of sufilcient purity to be of 
merchantable quality, it can be cast into bars and sold as common, or 
smelter tin. In this case, the molten tin is first cast into slabs, which 
are charged into a liquating furnace and mdted slowly at a low tempera- 
ture and cast into bars. This liquating operation eliminates iron, suffxir, 
and some arsenic and antimony, as these metals produce alloys having a 
hi^er melting point than tin; the lead, copper, bismuth, and metals 
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forming alloys with a lower melting point than tin are not eliminated. 
An appreciable amount of tin is converted to oxide and remains in the 
furnace as dross, together with the impurities eliminated. This dross is 
the so-called after-stuff. 

When common or smelter tin is to be made, only selected ores low in 
impurities can be used. In makmg smelter tin, even from selected Boliv- 
ian ores unless they are very pure, care must be taken that too much tin 
is not allowed to enter the slag, or the product will be too impure 
because of contamination by the more easily reducible impurities in the 
molten bath. Advantage h^ been taken of this property in a method for 
producing pure tin from impure ores, called the partial reduction process. 

Slag Smelting 

The slag should be worked up as made, by resmelting in a reverber- 
atory furnace. The granulated slag from the ore smelting is mixed with 
fine coal in sufficient quantity to reduce the tin contained to metal; the 
proper amount of finely crushed lime rock is added to give a fluid slag. 
The amotmt of reducing agent varies from 10 to 20 per cent., by weight, 
of the slag, depending on the amount of tin to be reduced. The size of 
the charge is about 10 tons of slag with the necessary amount of coal 
and lime rock. The time required to complete the furnace cycle is 12 hr. 
When the furnace is tapped, the slag should be dean, containing not over 
2 pmr cent., and usually run per cent. tin. This slag is discarded. 

The slag charged, containmg, say 10 per cent, of tin and 15 per cent, 
of iron, has been changed to a dag containing per cent, of tin and 
12 per cent, of iron and wei^ about the same as the original dag; that 
is, about 85 per cent, of the tin and 20 per cent, of the iron contents have 
been reduced. Very little, if any, metallic or elemental tin is produced; 
it is all combined with iron in an iron-tin alloy. This alloy has a higher 
melting point than tin, depending on the percentages of iron. In this 
iustance, the alloy would contain about 25 per cent, iron and 75 per 
cent. tin. 

The alloy, having a mdting point between 1000 and 1200‘* C., soon 
becomes thick and mushy at the temperature in the settler and is difficult 
to handle; it is generally kept stirred in the settler until it cools. In this 
case, it becomes friable and breaks up, for the most part, into a granular 
condition similar in dze to sand. When it is in the molten state, it can 
be readily granulated if the stream of metal is broken up with an air blast 
before striking the water. In either condition, it is in good shape to be 
handled in subsequent smdting operations. 

AUoy SmeUing ■ 

The iron-tin alloy produced from dag smdtmg is treated separatdy 
for the recovery of tin. By fire methods, this alloy can be decomposed 
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only by oxidation of the iron. This is accomplished by fusing the 
alloy with cassiterite according to the following reactions: 

SnOa + 2 Fe = Sn + 2 FeO 

Silica, in the form of sand, or crushed brick from old furnace bottoms 
containing absorbed tin, is added to unite with the iron oxide formed. 

The granular or shotted alloy is mixed with the calculated amount of 
tin concentrates to oxidize the iron contained and the requisite silica- 
bearing material is added to unite with the FeO formed to produce a slag 
of the desired composition. The charge, which consists of 10 tons of alloy 
and the necessary amount of ore and flux, smelts easily and rapidly; 
the smelting cycle is made in 6 to 8 hours. 

The charge should be so fluxed that all of the alloy is decomposed, 
otherwise great difficulty is experienced in handling the alloy with the 
heavy fall of metal from this charge. 

The slag formed is very liquid and corrosive and hence attacks the 
furnace walls. On this account, also because of the large tin fall, the fur- 
nace should be tapped as soon as ready or danger of jumping the bottom 
will ensue. In fact, this can be said of all tin charges, but the danger is 
much greater with alloy charges. 

The slag produced is granulated, as usual, and mixed with slags 
produced from ore smelting for further treatment. There is a run around 
of iron of about 20 to 30 per cent., 70 to 80 percent, having been 
eliminated from the process in the dean slag from the prior slag- 
smelting operation. 

The tin from the alloy charges is usually cast into anodes for electroly- 
sis, its purity depending on the grade and purity of the ore used in 
the reaction. 

To secure complete oxidation of the iron, and prevent alloy 
production, an excess of Sn 02 is used and the resultant slag is high in 
tin. For some unknown reason, the slags are always high in tin whether 
alloy is produced or not. Theoretically, if an insufficient amount of 
SnOs has been used and alloy is not decomposed, one would expect the 
slag to be low in tin. The tin present in the slag is in the form of stan- 
nous silicate and tin slags are commonly cleaned by treating with iron. 
The slags from the alloy treatment usually contain from 16 to 30 per cent, 
of tin, a tsrpical analysis being: SiOj, 25 per cent., AlsOt, 6.0 per cent. 
FeO, 35.0, per cent., CaO, 1.0 per cent., Sn, 25.0 per cent. 

Cleaning Slags and Allot Tbbatmbnt 

Methods for treating the Fe-Sn alloy with SnOs to produce dean slags 
low in tin and high in iron offer the same fertile fidd for investigation as 
does the initial smelting of the ore. It has not been definitdy determined 
whether the tin in the sh% is due to insuffi cient temperature, composition 
of the slag, or the solubility of iron-tin compounds in the slag. 
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In alloy treatment, the tin contents of the slag have been reduced to 
8 to 10 per cent, and occasionally lower, by replacement with lime 
and the simultaneous reduction of the tin oxide thus liberated by admix- 
ture of carbon. This action has been the basis of an improved process 
which is later described. 

Experiments have shown that if the iron-tin alloy is treated with 
galena in calculated quantity in excess of the amount required according 
to the following reaction 

Fe -I- PbS =* FeS + Pb 

the resultant fusion will form a lead-iron matte low in tin and a lead-tin 
alloy suitable for making solder. Although this method has not been 
used commercially, the principle has been used in cleaning slags in shaft- 
furnace smelting. In this instance, the slag containing 10.0 to 20.0 
per cent, of tin is mixed with lead oxide, or equivalent lead compounds, 
and lime rock, and smelted. Sufficient sulfur is present in the charge to 
form matte, which because of the strong reducing condition, is essentially 
an iron matte. The slag is more readily cleaned from tin than if lead were 
not used and the true tm alloy is not precipitated. The slags contain 2 
per cent, of tin or under and are nearly always free from lead. The 
metal produced, white or solder metal, is an alloy of lead and tin of good 
merchantable quality suitable for solder making. The best results have 
been obtained by cleaning tin slags by this method, when the composition 
of the white metal produced contained more than 50 per cent, of lead. 

CLBANiNa Tin Slags with Lead 

A blast-furnace campaign was made in 1917, for cleaning tin 
slags with lead oxide to produce solder metal. Tin slags of the com- 
position 30 per cent. SiOs, 16.3 per cent. Fe, 20.6 per cent. CaO, and 
16 per cent. Sn were smelted with lead oxide (litharge) containing 92 
per cent. Pb and 0.20 per cent. Sb. Sufficient lead was used to produce 
a solder metal containing 60 per cent. Pb and 40 per cent. Sn. This 
proportion gave better results in cleaning the slags than when a 60-60 
metal was made. 

About 2100 Ib. of slag was calculated to be formed containing 30.2 
per cent. SiOs, 16.0 per cent. Fe, 26.6 per cent. CaO, and 2 per cent, of tin 
allowed. The average slag from this run analyzed 30.8 per cent. SiOj, 
16.6 per cent. Fe, 24.3 per cent. CaO, and 2 per cent. Sn. Occasionally, 
the slags would jump from 1.6 to 3 per cent. Sn without warning but by 
regular charging and careful regulation of the blast, a uniform slag was 
obtained. A sample from each slag pot was taken and analyz^ for 
tin, the slags going above 2 per cent. Sn were returned to the furnace 
for resmelting and those goii^ 2 per cent. Sn or xmder were thrown away. 

Two byproducts were made, fume and matte. Matte containing 
about 40 per cent, of lead and 30 per cent, of tm was returned to the 
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furnace charge. A high-iron leady matte containing from 10 to 15 per 
cent, of tin was discarded from the tin operations. The solder metal, 
after being melted and drossed, was molded into lOO-lb. bars, care being 
taken to keep the molten solder agitated while molding to insure a uniform 


Charob Sheet 

_ Fe] CaO Sn Pb 

Weight Pbh Pbb Phb Pbb Pbb 

MaTBBUjj Pounds Cent. lis. Cent. Lb. Cent. Lb. Cent. liB. Cent. Lb. 

Tin slag 2000 30.0 600 15.3 306 20.6 410 15 300 

Refinery oxide 420 92 386 

Lime rock 270 2 5 47 127 

Total 2690 

Coke 16.7 per cent 450 

Coke ash 67 45 30 15 10 

635 816 537 300 386 

Slag formed 2,100 30.2 15.0 26.6 


Solder metal formed. . 642 40 60 

product. The solder metal obtained was of excellent quality and if the 
trade prejudice were overcome for the metal, this would prove a desirable 
method of cleaning tin slags. The best grade of solder is made by using 
equal parts of pure tin and pure lead with the addition of about 0.15 per 
cent, antimony, making the so-called half-and-half solder. 

Baohousb 

Tin readily gives off fumes at a dull red heat, especially when a current 
of hot gases passes over the surface of the metal, and provisions are made 
to coUect the fumes. All the furnaces are connected to a steel balloon 
flue, 40 sq. ft. in transverse turea, through which the gases are conducted to 
the ba^ouse for flltration. The gases from the reverberatory furnaces are 
cooled by passing through waste-heat boilers and are further cooled by 
radiation from the balloon flue, which is 700 ft. long, before entering the 
ba^ouse. If the temperature of the gases entering the baghouse exceeds 
220® F. injury to the woolen bags will result. 

The baghouse is constructed according to the conventional dedgn for 
lead smelting. The present baghouse consists of ten compartments, 
containing a total of 1000 woolen bags. These bags are 30 ft. long and 
18 in. in diameter, giving a total filtering surface of 141,000 sq. ft., or 
42 30 sq. ft. per ton-day tin output capadiy. 

Volatilization of tin is increased by the presence of sulfur. About 
2)4 to 5 per cent, of the tin contents is volatilized and cau^t in the 
baghouse. This fume contains 50 to 60 per cent, of tin in the form of 
stannic oxide. When the compartments are first opened, the color of the 
fume is dark gray because of unbumed carbon; it bums in contact \nth 
air and becomes white and dense. The fume contains sihall amounts of 
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lead bismuth, arseoic, antimony, iron, etc. and generally sufficient sulfur 
to require roasting. Periodically, the dust is removed and added to the 
roaster charge. 

If it were not that some iron from the furnace charge is mechanically 
carried over into the baghouse, this material could be utilized in the 
ceramic industry as a base for tin-white enamels. The fume, even after 
roasting and prolonged treatment by leaching with acids, still contains 
too much iron to be suitable for such use. 

Btphoducts 

Besides slag, there is also formed in tin smelting per ton of ore about 
20 per cent, of byproducts; as follows: fume 3 to 6 per cent., matte 
2 to 4 per cent., after-stuff 3 to 6 per cent., alloy 8 to 10 per cent. The 
byproducts, although voluminous, are not particularly difficult to handle, 
but should be worked up currently. The fume, matte, and afteivstuff 
are added, in the ratio of their production, to the roaster charge. The 
matte and after-stuff are crushed, rolled, and screened to pass Ji-in. 
mesh before roasting. 

American Modifications in Tin Smelting 

Soon after operations were started, it was realized that modifications 
must be made to obtain quantity production and treat byproducts as 
produced by a continuous process. Experiments were begun with this 
end in view and, as a result, the blast-furnace process was adopted. 

Extensive experiments were made to purify the concentrates before 
smelting. Leaching with ferric chloride and fusion with niter cake 
offered some promise but the best results were obtained by tabling, 
flotation, magnetic separation, or a combination of them. These tests 
produced two classes of material, one high in tin and low in impurities 
and one low in tin and high in impurities — a comparatively pure product 
and an impure one. The first, approximately 80 per cent, by weight of 
the original ore, recovered about 85 per cent, of the tin in a product assay- 
ing about 95 per cent. SnOs. The second contained the balance of the 
tin, about 75 to 90 per cent, of the iron and 60 to 75 per cent, of the reduci- 
ble impurities present in the original concentrates. 

None of the methods gave a product sufficiently pure to produce a 
high-grade metal or an impure material sufficiently low in tin to discard. 
Of course there would have ensued advantages in smelting but the 
impurities and the iron were still in a product containing tin, which also 
would have to be smrited. As the electrolytic refining process readily 
eliminated and recov^d the impurities, the segregation of the iron by 
this treatment did not warrant its installation, although this process 
might have proved hi^y beneficial in the original concentration of the 
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ore at the Dimes. Magnetic removal of iron is practiced at, at least, one 
of the Bolivian tin concentrating plants. 

Early in 1917, an experimental blast-furnace run was made. The 
furnace used was a small twelve-tuyere blast furnace 96 by 36 in. at the 
tuyere level. The tin ore was agglomerated on a standard Dwight- 
Lloyd sintering machine, to render it suitable for blast-furnace smelting. 
Smelting was done in two stages, ore smelting and slag smelting by short 
campaigns on each. The alloy produced from slag smelting was returned 
to the furnace and decomposed on the ore-smelting charge. Over 1500 
tons of tin concentrates were sintered, smelted, and the bsrproducts com- 
pletely worked. The results were gratifying and because of the urgent 
demand for the metal, a Dwight-Lloyd sintering machine and a larger 
blast furnace were built as an addition to the tin department. The 
experimental run indicated that a deep column must be used to prevent a 
hot top, with consequent high volatilization of tin as fume. The furnace 
started operations Nov. 15, 1917. This innovation in the smdting proc- 
ess has been protected by a series of patents^ covering sintering, blast- 
furnace smelting, slag-treatment furnaces, and the production and utili- 
zation of tin-iron alloy, which constitutes a continuous process for the 
whole smelting operation. 

Roasting and Sintering 

Serious explosions have occurred in the flues and baghouse, due to 
the elemental sulfur from the p 3 uites contained in thesinter charge; conse- 
quently, the concentrates are roasted before sintering if they contain any 
appreciable amount. The sinter charges consist of raw or preroasted 
concentrates and roasted b 3 rproducts; some granulated tin slag for binder 
and 2 to 3 per cent, of fine anthracite as fuel, together with flux, are 
mixed with 5 to 6 per cent, of water before sintering. 

It is optional whether the silica is added to the sinter charge or to the 
blast-furnace charge. However, it is expedient to add the Ume rock to 
the sinter charge for the pmTiose of protecting the grate bars and also 
for fluxing the sulfur. Calcium compounds, such as CaS, CaS 04 , will be 
largely eliminated in the blast-furnace slag as calcium sulfide, and the 
matte formation greatly reduced. With raw ore and preroasted b 3 q)rod- 
ucts, several campaigns have been made with no matte production. 
No metallic tin is found in the sinter product nor is much fume evolved. 

• H. H. Alexander: Process of Forming Tin Sinter. U. 8. Pat. Ser. 419473 (1920) ; 
Process of Forming Iron-tin Alloy. U. 8. Pat. Ser. 419474 (1920); Process of 
Blasting Tin Ahoy. U. S. Pat. Ser. 419475 (1920); Process of Recovering Occluded 
Tin. U. S. Pat. Ser. 419476 (1920); Process for Recovering Tin. U. S. Pat. Ser. 
1426341 (1922); Process 'for Recovering Tin frcm Sulfur Ores. TJ. S. Pat. Ser. 
1461957 (1922). 
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If any tin is reduced to metal on the D-night-Lloyd machine, it is re-oxi- 
dized before leaving the machine. The sinter is discharged over a grizzly, 
the fines that pass through the grizzly are returned and the coarse sinter 
is delivered to the blast furnace. 

Blast Furnace 

The blast furnace is of the conventional water-jacketed t3rpe 
with mechanical feeding. The dimensions at the tuyeres are 42 by 144 
in. The height from crucible to top is 30 ft. The ore column from 
tuyeres to top of charge is 25 ft. The water jackets are 6 ft. high and are 
madeof steel. Thefumaceiafedbya,100cu.ft.car. When charging, both 
doors on the bottom of the charge car are simultaneously opened and the 
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contents of the car are dropped on to an inverted V-shaped spreader, 
which serves to distribute the charge properly. The apex of the spreader 
is located 1 ft. bdow the top plate of furnace and the charge column is 
carried to within 6 ft. frdm the top. 

The blast is supplied by a No. 7 Root blower driven by a 85-kw. 
motor ddivering 6500 cu. ft. of air per minute to the tuyeres. The 
charge column is carried 22 ft. above the tuyeres. The blast pressure is 
usually maintained between 32 and 38 oz. The normal rate of smelting 
is about 135 tons of charge per day. 
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Blastrfumace SmelHng 

The object of blast-fumace smelting is to reduce tin, decompose alloy, 
and slag iron. The reduction of tin is assumed to occur according to 
the following reactions: 

SnOj + 2C = Sn + 2CO 

SnOa + 2CO = Sn + 200* 

It would be a comparatively simple matter if the ore contained only 
tin and easily reducible impurities, but in all the Bolivian tin concen- 
trates that we have received, both iron and tin occur simultaneously. 
Both are reducible under somewhat similar conditions and, when reduced, 
unite to form the refractory alloy. The blast-fumace smelting must be so 
conducted as to make a separation of tin from iron. This alloy of iron 
and tin is often referred to as “hard head.” The real hard head is formed 
by strong reduction when arsenic is present. It is composed essentially of 
arsenic, iron, and tin and is very similar in appearance and texture to 
nickel-iron speiss. Our experience is that the formation of the real hard 
head is the exception rather than the rule, as it has been noted only on 
rare occasions. 

The blast-fumace charge, consisting of sinter from the Dwight- 
Lloyd machine, flux, alloy, returned slag, and coke, is spread and mixed in 
the proper proportions in the charge car. The iron-tin alloy, which is 
produced from the subsequent slag treatment, is added to the charge to 
reduce tin according to the reaction 

2Fe -|- Sn02 = 2FeO -f Sn 

and replaces its equivalent of coke, within limits. That is, with sufficient 
coke present to furnish the necessary heat for the formation temperatures 
of the slag and hold the products molten, the iron can practically replace 
its equivalent weight of coke as a reducing agent, thus making the smelt- 
ing operation continuous and effecting other economies. 

No attempt will be made to explain the reactions that might occur in 
the blast furnace in the reduction of tin and its separation from iron. 
It will suffice to say that the reduction and separation from iron is con- 
trolled by three principal factors; that is, the degree of reduction, the 
volume and composition of the slag, and the saturation point of the slag 
in iron. The saturation point of the slag in iron is taken, for practical 
purposes, at 20 per cent. iron. This is an arbitrary figure, because it is as 
high a percentage of iron as we have been able to produce in making 
finished slags and at the same time maintain its tin contents at about 2 
per cent, or less. The practice at otiber smelters is not generally known. 
Starting, in 1915, at 10 per cent, iron, the finished slags have been gradu- 
ally increased until they contain 20 per cent, iron, which we now consider 
the maximum practic^ point. 
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Too much attention cannot be given to the proper preparation of the 
charge and its distribution in the furnace. With mechanical feeding, the 
successful operation of the furnace is dependent on these two factors. 
The sinter product must be a lumpy porous mass free from fines. 

It has been found that the blast furnace works well when the larger 
pieces of the charge are not more than 4 to 6 in.; about, but not much 
more than, 25 per cent, of the charge should be smaller than in. Small 
size charges facilitate better mixing in the blast furnace and usually 2000 
lb. constitute one charge. Each kind of material on the charge is spread 
evenly over the entire surface. 

The blast furnace is operated similarly to lead furnaces, except that no 
side tap or forehearth is used, as the crucible builds up with alloy. The 
metal and slag are tapped from the firrnace through the same opening 
and delivered into a cast-iron overflow pot, in which the metal is separated 
from the slag. When the overflow pot is nearly full of tin, it is removed 
and conveyed to the liquator building and its contents delivered to a 
holding kettle, from which it is cast into anodes. Just as in reverberatory 
smelting, the purity of the tin depends on the grade and purity of the 
ore used, degree of reduction, and amount of slag produced. The slag 
will usually contain from 5 to 7 per cent, of tin and occasionally as high as 
10 per cent. It is sent to the slag-settKng furnaces as produced for 
further treatment. 


Tin BlasUfumace Slags 

The smelting of ferriferous tin ores in the blast furnace is neither 
analogous to lead nor iron smelting, but a compromise between the two. 
The bisilicate slag has given the best results for the production of slags 
low in tin. Experience has shown that with low-silica, high-lime slags, 
the tin contents are invariably higher than with those having high 
silica contents. 

A slag of the following composition has proved satisfactory: 


SO* 37.0 A1.0, 

FeO 23.4 MgO 

OaO 23.0 

Silicate degree: 

SiO, 37.0 X 63.5% = 19.72 

A1.0, 12.0X47.0%= 6.64 


Pas 

Cbnt. 


12.0 

3.0 


26.36% oxygen in acids 

FeO 23.4 X 22.2%= 6.2% 

CaO 23.0 X 28.6% = 6.6% 

MgO..; 3.0X40.0%= 1.2% 


13.0% oxygen in bases 
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25 30 

Ratio = 1.95, which corresponds closely to the bisUicate. 

This sla^ fulfills the necessary requirements for tin smelting in that 
it has a viscosity sufficiently low to allow proper settling of the tin and 
has a melting point high enough for the tin to be reduced. Much remains 
to be done in determining the proper furnace conditions and slag composi- 
tion, to reduce tin selectively and to eliminate the iron in a high-iron slag 
and thus avoid the production of alloy. By sufficient dilution of the slags 
with silica and lime, this separation is approached but it is not economical 
on account of the large amount of slag produced, entailing excessive tin 
losses. Many fluxes and slag compositions have been tried with- 
out improvement. 

In the reverberatory process, when first started according to the 
[English method, the iron was eliminated in a clean slag containing 10 to 
12 per cent, of iron. In the blast-furnace process, the iron is elimmated in 
a dean slag containing from 6 to 8 per cent, more iron; therefore, consid- 
erably less slag is produced per ton of concentrates. 

The tin concentrates from Bolivia are usually too defident in silica 
and lime to be self fluxing. With concentrates low in iron, no dilution of 
the slag with silica is necessary. lime rock is added to flux the SiOs in 
the ash from the coal and the s mall amount in the ore. 

The prime requisite in tin smdting is to keep the percentage of slag 
produced per ton of concentrates as low as possible in order to reduce the 
losses due to tin being unavoidably carried away in slag. Tin combined 
in slag is more difficult to reduce than in the concentrates. 

The hot ascending gases, containing carbon monoxide, react with the 
SnOa from the sintered ore, causing a reduction of tin to metal while the 
tin combined in dag is not appreciably affected by CO and must be 
reduced by direct contact with carbon at the high temperature of the 
smelting zone. With concentrates containing 

5 per cent, iron, 0.31 ton of dag is made per ton of concentrates. 

8 per cent, iron, 0.50 ton of slag is made per ton of concentrates. 

10 per cent, iron, 0.62 ton of slag is made per ton of concentrates. 

12 per cent, iron, 0.75 ton of slag is made per ton of coiusentiates. 

16 per cent, iron, 1.00 ton of slag is made per ton of concentrates. 

20 per cent, iron, 1.25 ton of slag is made per ton of concentrates. 

This tabulation is based on the assumption that the finished slag wiU 
contain 16 per cent, of iron and correspondin^y sanaller percentages of 
slag will be made as the iron contents of the dag is increased. A slag 
fall of between 50 and 60 per cent, is necessmy and is maintained by 
circulating slag. 

. SLAO-SETTIirNQ FtJBNACBS 

.^he molten slag from the blast furnace is ddivered to the dag-settling 
furnaces. The dag is poured into a chute, or hopper, which delivers to 
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the charge hole. The latter is located in the center of the arch and is 
protected by a water-cooled ring jacket. 

The hearth dimensions of the two hot-slag furnaces are 14 by 28 ft. 
They are similar in design to the ore-smelting reverberatory furnaces, 
except that there is no vault under the bottom. ’ It is built on a solid 
concrete foundation and the bottom is laid as an inverted arch with 13^" 
in. firebricks at a 6-in. slope to front of furnace. Two tap holes are located 
in the front end, a slotted tap at the slag level, and a water-cooled cast- 
iron tap jacket at the level of the bottom of the furnace for the metal 
outlet. The bridge and side walls of these furnaces are cooled at the 
dag level by circulating water through a 2^-jii. iron pipe inserted in 
the walls. The furnaces are equipped to bum powdered coal or oil. The 
flow of both coal and air can be adjusted by dampers or by varying the 
motor speed to get the proper mixture. 

The furnaces for dag treatment are an important adjunct to the 
process because by treating the hot dag the heat required to resmelt the 
slag is saved, much manual labor is dispensed with and many economies 
are effected over the former method of smdting cold dag. The tempera- 
ture of the dag charged is between 1100° and 1200° C. and it is brou^t up 
to about 1800° C. These furnaces, beddes reducing the tin chemically com- 
bined, permit the tin in the form of prills or finely divided shot to settle. 

The furnaces are operated as follows: When charged with molten 
slag, carbonaceous material, usually small sized anthracite, together with 
findy divided lime rock is added to the bath and rapidly stirred in. The 
lime replaces the stannous oxide from its combination with silica and the 
SnO is simultaneoudy reduced by carbon from the anthracite. 

2SnOSiO* + 2CaO - 2SnO + 2CaOSiOs 
2SnO + 20 = 2Sn + 200 

Several additions of the flux mixture (fine coal and lime rock) are 
necessary to finish a diarge. After each addition has been absorbed, a 
sample is taken from the bath and analyzed for tin. If the sample 
contains over 2 per cent, of tin, another addition of the flux mixture 
is used; when this is absorbed, if below 2 per cent, tin, the furnace is ready 
to be tapped. 

The ^g is tapped into a cast-iron pot and allowed to overflow and 
granulate into a large pit, from which it is loaded by a locomotive crane, 
weighed, sampled, and discarded. The analysis of a representative 
sample of this waste slag is as follows: SiOa 35 per cent., Fe 18 per cent., 
OaO 23 per cent., Sn 2 per cent, or less. 

These furnaces produce tin and alloy. The former is cast into anodes 
and the latter sent to the blast furnace and used currently on the charge. 
The metals are tapped separately from the sli^, usually after every f diirth 
or fifth charge. 
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The time of treatment and amount of flux mixture used depend entirely 
on the percentage of tin in the slag charged. Each fiumace completes a 
charge cycle in 24 hr. and requires to complete the reduction approxi- 
mately 100 lb. of lime rock and 200 lb. of fine anthracite per ton of slag. 
The average of the slag charged is 6 per cent, of tin with a limit of 10 per 
cent. The gases from this operation are not filtered on account of the 
small amount of tin fume given off in treating low-grade slags. With 
more than 10 per cent, of tin in the slag charged, it has been foimd more 
economical to resmelt the slag in reverberatories that are connected with 
the baghouse. The alloy produced is utilized in the blast furnace, where 
it is decomposed. 

Partial, or Selective, Reduction Process 

Numerous experiments were made to develop a method for producing 
high-purity tin <hrect from the ores by an all-fire method. It was found 
that, by partial reduction of the ore, allowing the greater portion of the 
tin to enter the slag, the tin contained in the slag would be relatively 
pure and the metal produced by resmelting the slag would be 
comparatively free from lead, copper, arsenic, antimony, and bismuth 
and suitable for all purposes for which tin is used. The metal obtained 
by the first reduction would be relatively impmre, but could be subjected 
to electrolysis for the recovery of tin. 

Previous to 1917, nearly all the Bolivian concentrates received would 
produce a metal of merchantable quality containing 99 per cent, of tin, 
or better, when smelted by complete reduction and the product could be 
sold as common or smelter tin. However, after this date, the concen- 
trates arriving were very much lower grade as to purity and the metal 
produced by direct smelting was not of merchantable quality. Bismuth, 
copper, and lead became the predominating reducible impurities. Bis- 
muth has a very deleterious effect on tin for most uses, consequently 
a modification of the process had to be made and the partial-reduction 
process was adopted. 

The average analysis of 1915-16 deliveries compared to 1917-18 were: 


Pb, Cu, SiOa, Fe, CaO, Zn, S, 

%%%%%%% 

1915-16 0.045 0.042 2.81 3.26 0,88 None 2.13 

1917-18 0.10 0.10 2.23 6.4 0.91 None 2.40 

ASf Sby Bif SUf AJsOit 

%%%%%% 

1915-16 0.05 0.20 0.22 70.2 0.3 0.75 

1917-18 0.030 0.009 0.80 08,0 0.00 0.95 


With concentrates, listed as 1915-16 deliveries, containing 70.2 part 
of tin to 0.557 of reducible impinities direct smeltmg to complete 
reduction would produce a metal of over 99 per cent, of tin; whereas, 
with the 1017-18 deliveries, containm^ 68 parts of tin to 1,225 parts of 
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reducible impurities, complete reduction would not produce a metal of 
over 98.2 per cent. tin. 

The European smelters, when treating impure concentrates, can dilute 
these impurities to a point where the metal passes into the trade as stand- 
ard tin (99 per cent, grade), for which there is a large demand, by using 
sufficient Straits, Nigerian, Australian, or Dutch East Indies concentrates. 
This condition does not obtain in the United States, as there is only a 
fimall demand for standard tin; moreover, there is no available supply of 
tin concentrates with which to dilute the impurities. 

This process is based on the properties of stannous silicate. The 
higher oxide of tin (SnOs) is infusible and does not combine with silica 
but must be reduced to the lower form first. 

In this operation, the more easily reducible impurities, such as lead, 
copper, arsenic, antimony, and bismuth, are completely reduced, together 
with some tin, while the balance of the tin is reduced from SnOj to SnO, 
which unites with the silica in the charge to form slag. The slag is essen- 
tially stannous silicate practically free from impurities such as lead, 
copper, arsenic, antimony, and bismuth. 

The partial reduction process serves to produce a greater part of the 
tin contained in the ore as pure tin, leaving the balance relatively impure, 
which must be treated electrolyticaJly. The process is conducted in 
two stages. 

Fir^ Stage . — Partial reduction smelting of the concentrates producing 
an impure metal to be electrol 3 rticaLly refined and a dag high in tin. 

Second Stage . — Smelting of the slag for the production of pure tin. 

Both of the operations can be conducted equally well in the blast 
furnace or the reverberatories. 


The only difference in this smelting from the regular method is the - 
amount of fuel and the fluxes used. Only a small amount of fuel is used 
for reduction and silica is the only flux. It is important that no lime is 
contained in the charge. The percentage of coke is regulated to give a hot 
fluid slag high in tin. The slag fall is governed by the amount of silica 
present, also the slag fall governs the amount and quality of metal pro- 
duced and is regulated accordingly. The smelting of this charge is very 
rapid. The slag is granulated and held for retreatment. The impure 
metal is cast into anodes. 

As much as 70 per cent, of the tin contents of the ore can be caused to 
enter the slag by the first reduction; the balance is reduced to metal, 
together with the impurities lead, copper, arsenic, antimony, and bismuth. 
The quality of the metal so produced is governed by the degree of reduc- 
tion and amount of slag formed; generally about half of the tin is reduced 
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so that the resultant metal will not be too impure for electrolysis, also 
to prevent too large an amoxmt of slag to be resmelted as the metal losses 
are governed to a large extent by the tin contained in the finished slag. 
Ordinarily, about 0.75 ton of slag per ton of concentrates is produced of 
the following analysis : SiOa 20 to 26 per cent., Fe 6 to 10 per cent., CaO 
none, Sn 50 to 60 per cent., which is exceedingly thin and well flowing. 

The impure metal produced will assay over 90 per cent, tin, when the 
original ore contained 68 parts of tin to 2 parts of reducible impurities 
on a 50 per cent, reduction basis and can, therefore, be easily refined 
by electrolysis. 

This process can be applied equally as well to more impure ores. 
Bohvian concentrates containing 10 parts of reducible impurities to 50 
parts of tin have been successfully treated. 

Second-stage Smelting 

The granulated slag, high in tin, is resmelted either in reverberatory 
or blast furnace and the operation is conducted in a similar manner to the 
slag smelting already described. The tin from this operation is of excel- 
lent purity, except as to iron; it is cast into bars for liquation in order 
to separate it from a dross containing the iron. The slag produced is 
low in tin and is disposed of to the slag-settling furnaces- Frequently, 
this slag is lower in iron than the arbitrary saturation point and may be 
mixed with higher iron slags to get the maximum elimination of iron 
from the process. 

The tin bars, when liquated, produce a metal containing about 99.8 
per cent, of tin, or better, which is equivalent in merchantable quality 
to Straits or Banka tin. No attempt was made to put this on the market 
as a substitute for Straits, Banka, or Electrolyte tin but it was used for 
blending in the making of common tin. As the demand for common tin 
in the United States is limited, the tin refinery was enlarged to handle 
the entire smelter production and only Electrolytic tin was eventually 
produced. 

Blast Furnace vs. Reverberatory 

It is not within the scope of this paper to discuss the relative costs of 
the various processes, but the question has been asked so frequently 
“which is the better process, the shaft furnace or reverberatory,'' that 
it will not be amiss to state that the blast furnace has proved the cheaper. 
As tin smelting is really a small high-grade operation, the reverberatory 
furnace is preferably for small tonnages, say 700 or 800 tons per month; 
but when larger tonnages are available, the blast furnace is preferred. 
The metal loss and the amount of intermediary or byproducts made is 
about the same in both cases, slightly less in the blast furnace method. 
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The question of the compaxative amounts of fume produced by each 
process has often been the subject of discussion. One’s first thought 
would be that the blast furnace should produce the most fume, but, in 
practice, the volatilized tin is condensed in the cooler regions of the upper 
part of the shaft and consequently less escapes and goes to the baghouse 
than in reverberatory smelting. 

When tin sulfide is formed in the reverberatores, it is readily volati- 
lized and caught in the baghouse; but when formed in the shaft furnace, 
the greater part does not escape as fume but is eventually found in the tin 
pot as a well-defined layer on top of the tin. 

The practice at many far eastern smelters is to make the first reduc- 
tion in numerous small open-top blast furnaces followed by a final reduc- 
tion of the slag in reverberatory furnaces. In a private communication, 
it was stated that the meted losses caused by dusting and volatilization 
at one of these smelters did not exceed 1 per cent, of the total tin contents. 

Fuel Consumption 

Reverberatory smelting. 

Ore smelting 

Reducing coal 20 to 30 per cent, per ton of ore 

Powdered coal 600 to 800 lb. per ton of ore. 

Slag smdting 

Reducing coal 10 to 20 per cent, per ton of slag 

Powdered coal 800 to 900 lb. per ton of slag. 

Blast furnace smelting 

Coke 14 to 18 per cent, per ton of charge. 

Elbctbolttic Refining 

Tin is in a most desirable position in the electromotive series of the 
metals for dectrolytic refining. The only impurity of frequent occur- 
rence that stands equal or dose to tin and would di^olve is lead, all the 
others being below tin. 

The potentid smies of the metals, as given by Ostwald, is according 
to the following law: "It is possible to arrange all the metals in a single 
series in such a way that each precipitates all the metals following from 
their aqueous solutions, but is predpitated by each of the preceding ones.” 
In accordance with this law a partial list is as follows : . 

1. Zinc 4. Cobalt 7. Lead' 10. Arsenic 

2. Cadmium 5. Nickel 8. Antimony 11. Copper 

3. Iron 6. Tin 9. Bismuth 

Practically, lead is the only impurity that dissolves; consequently the 
dectrolyte must contain a radical that will form w insoluble compound 
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with lead, such as a sulfate, chromate, fluoride, etc. The other metals 
occurring as impurities in tin (arsenic, antimony, bismuth, copper, 
etc.) are not dissolved and remain in the anode slimes. 

The requirements that a tin electrolyte should possess are; (1) It 
must readily dissolve tin from the anode and thus prevent the anode from 
becoming passive or insoluble, with consequent high voltage and polari- 
zation; (2) it must be a good conductor of electricity; (3) the cathode 
deposit must be adherent. 

Tin is a very crystalline metal and the cathode deposit from most 
electrol 3 rtes consists of long dendritic, or needle-like, crystals. These 
crystals are loosely attached and grow rapidly, touching the anode caus- 
ing short circuts. The tin deposits for satisfactory work should be 
smooth, dense, and adherent. To obtain such a deposit from most tin 
electrolytes, an addition agent is necessary. The electrolysis of tin had 
not been considered commercially practical by many metallurgists on 
account of these diflEiculties and the venture was undertaken with consid- 
erable apprehension. 

In the early part of 1915, the late Robert L. Whitehead t^as detailed 
to investigate various electrolytes for tin refining, such as hydrochloric 
acid, sulfuric acid, hydrofluosilicic acid, hydrofluoboric, sodium stannate, 
sodium sulfo stannate, etc. After extensive experiments, hydrofluo- 
silicic acid was selected as being the most satisfactory electrolyte. 

The electrolytes and addition agents that have been used are protected 
by a series of patents:* 

Description of Electrolytes 

The hydrofluosilicic acid bath was used from April, 1915, to October, 
1917, and consisted essentially of H2SiF6 with sufficient H2SO4 to prevent 
lead from depositing by precipitating it as lead sulfate. The approximate 


analysis of the electrolyte was: 

Specific gravity 1.20 

Hydrofluosilicic acid 20.0 percent. 

Sulfuric acid 0.1 percent. 

Stannous tin 6.0 per cent. 

Total acid in terms of HjSiFa 20.16 per cent. 

Addition agent glue 


The deposit was only fair, not being dense, but sufficiently adherent 
to run 48-hT. cathodes. The anode corrosion caused considerable trouble 
frequently occasioning high voltage with deposition of Si 02 at the anode. 

* R. L. Whitehead: Electrolytic Refining of Tin, U. S. Pat. 1157830 (1916), 

H. H. Alexander: Electrolytic Refining of Tin. U. S. Pat. Ser. 434124 (1920). 

C. P. Linville: Electrolytic Tin. U. S. Pat. Ser. 434118 (1920), 

J. R. Stack: Electrolytio Process. XJ. S. Pat, Ser. 434114 (1920). 

J. B, Stack: Process of Recovering Tin. U. S. Pat. Ser. 526871 (1920). 

F. C, Mathers: Electrolytic Refining of Tin. U. S. Pat. 1397222 (1921). 

TOL. XiZZ. — ^28 
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Glue-cresylic Acid Addition Agent 

One of the salient features of the process is this addition agent, which 
was introduced in August, 1917. It was first used successfully in the tin- 
fluosilicate bath and later adopted in all other electrolytes used. The 
addition agent conainonly used is crude cresylic acid, added in the form of 
an emulsion with the glue. Many other coal-tar products analogous to 
cresylic acid can be used as well. The use of these reagents is distinctly 
novel and credit for the invention is due to Prof. F. C. Mathers of the 
University of Indiana. 

The action of this addition agent produces a dense, smooth, adherent 
deposit of tin free from growths and frequently shows the vertical stria- 
tions familiar in copper deposits. Many theories have been advanced 
as to the action of addition agents, such as: (1) They act as a restraining 
agent to prevent the formation of a cr 3 rstaUine deposit. (2) They migrate 
by the action of the current and form a film or envelope around the 
cathode, thus insuring even distribution of the current and preventing 
the formation of points of high current density. (3) They form a com- 
pound with the metal from which the metal deposits (simultaneously 
with the metal from other compounds) in a smooth non-crystalline form 
or in compact blunt crystals. When this form of crystallization has 
once been established, the metal subsequently deposited tends to foUow 
the same form. (4) The addition agent actually deposits at the cathode 
together with the metal causing it to deposit in a non-crystalline form of 
fine blunt crystals. 

The theory that the addition agent deposits with tin has been found 
to be a fact in some instances. In all tin electrolytes used, the addition 
agent becomes depleted at a constant given rate, varying from ^ to 3 lb. 
of glue and 8 to 16 lb. of cresylic acid per ton of tin refined, depending 
on the character of the electrolyte used. Small fractions of 1 per cent, 
of hydrochloric acid retard the action of the addition agent. 

Svlfuric-hydrofluosilicic Electrolyte 

This bath was used from October, 1917, to April, 1920, and consisted 
essentially of sulfuric acid with sufficient hydrofluosilicic acid to prevent 
the formation of basic salts of tin. The approjdmate analysis of the 
electrolyte is; 

Specific gravity 1.16 

SuLfuiic acid 8.0 per cent. 

Hydrofluosilicic acid 6 . 0 per cent. 

Stannous tin 3.0 per cent. 

Total acid in terms of HaS 04 11.4 per cent. 

Addition agent glue and cresylic acid emulsion. 

The bath offered many advantages over the straight fluosilicate 
electrolyte. The mastic-lined tanks, hard-rubber solution lines, bronze 
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pumps, etc. were replaced with lead. Better anode solubility was 
obtained without decomposition of H2SiF6 during electrolysis. 

Sulfuricnsxdfonic acid Electrolyte 

This bath has been used from April, 1920, to date; that is a sulfonic 
acid was substituted for hydrofluosilicic acid to prevent the formation of 
basic salts of tin, which occur when H 2 SO 4 is used alone and render the 
anode insoluble. 

The sulfonic acids can be made from benzol, phenol, cresol, toluene, 
naphthalene, and other aromatic hydrocarbons, by mixing with strong 
sxilfuric acid and heating according to conventional methods for the 
manufacture of suKonic acids. If made, for example, from phenol, the 
new compoimd, called phenol sulfonic add, is produced. This is an avid 
solvent for tin and other metals forming a soluble salt with lead in con- 
tradistinction to H 2 SO 4 . 

If an electrolyte is made up containing 10 to 15 per cent, of either 
cresol or phenol sulfonic acid, 0.5 to 1 per cent, of H 2 SO 4 to prevent the 
deposition of lead, and 2 to 4 per cent, of stannous tin, an excellent cathode 
deposit of tin can be obtained without the use of an addition agent. 

The present bath consists essentially of sTiIfuric acid with sufficient 
aromatic sulfonic acids to prevent the formation of basic salts of tin. 
The approximate analysis of the electrolyte is: 


Specific gravity 1,12 

Sulfuric acid 8.0 per cent. 

Cresol-phenol sulfonic acid 4,0 per cent. 

Stannous tin 3.0 per cent. 

Total acid in terms of H 2 SO 4 10.2 per cent. 


The usual addition agent, consisting of ^ue and cresylic acid emulsion, 
is added daily in sufficient quantity to produce a dense, smooth, adherent 
deposit of tin. This electrolyte fulfills all the requirements for a satis- 
factory tin bath in regard to good cathode deposit, conductivity, soft 
anode slimes, and uniform anode corrosion. The weak liquors, or wash 
waters containing electrolyte from washing cathodes and slimes, can be 
evaporated without decomposition. 

Refining Operations 

The refinery is similar in arrangement to the usual multiple-tank 
room. The tanks, 340 in number, are constructed of wood; the inside 
dimensions are 131 by 41 by 42 in. deep; they are lead lined and properly 
insulated and are served with overhead cranes. 

Electrically driven centrifugal pumps of the vertical type are used for 
circulation of the electrolyte. The rate of flow through each tank is 
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about 5 gal. per twin. The overflow from the tanks returns, by gravity, 
to the heating tanka where the solution is maintained at a temperature 
of 95“ P. The circulating pumps are connected to these heating 
tanks and the electrol3rte is kept in continuous circulation throughout 
the system. 

The current is supplied by a steam-driven generator. A current load of 
3600 to 4600 amp. is carried, which corresponds to a current density of 8 
to 10 amp. per sq. ft. of cathode surface. Under normal working condi- 
tions, the voltage required per cell is from 0.3 to 0.36 volts measured 
across the tank. The current efficiency is about 85 per cent., assuming 
1 amp.-day deposits 0.117 lb. from a stannous solution. 



Pig. 4. — Tm sBrmsiBT. 


The anode tin from the smelter contains from 90 to 99 per cent, of 
tin and varying amounts of impurities. A representative sample is: 
Iiead 1.0 per cent., copper 0.25 per cent., arsenic 0.15 per cent., antimony 
0.25 per cent., bismuth 1.0 per cent., tin 96.0 per cent. The anodes are 
cast with the usual extension lugs and the submerged part is 33 by 36 in. 
wide; they are about 1J4 in. thick and weigh about 360 pounds. 

The cathode starting sheets are 34 by 37 in. wide and weigh between 
8 and 10 lb. each. These sheets are made by pouring molten electrolytic 
tin over an inclined sted table of the size and shape of sheet desired, a 
method mmilftr to that used for making starting sheets for the electro- 
lytic refining of lead. 

Each tank contains 26 anodes and 27 cathodes, which are placed alter- 
nately and equidistant, the anode spacing bdng 4^ in. between centers. 
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After 7 days of electrolysis, the cathodes weigh about 100 lb. and 
are removed from the tanks, carefully washed, and melted in a 50-ton 
capacity cast-iron kettle j then cast into bars of marketable form, weighing 
100 lb. and stenciled Electrolytic Tin. New sheets are placed in the 
tanks and electrolysis again started. Three cathodes are obtained 
from each anode. After about 75 per cent., by weight, of the anodes has 
been dissolved, they become too t hin to conduct the current efficiently 
* and are removed as scrap, remelted, and cast again into anodes. Each 
day, the requisite number of tanks of scrap are pulled and replaced with 



Fig. 5. — Emotrolttic tin. 


new anodes, so that at i^e end of 21 days, which is the life of the anode, 
the circuit of tanks has been completed. 

As tin stands above copper, arsenic, antimony, and bismuth in the 
galvanic series of the metals, none of these will dissolve from the anode, 
in the presence of the large excess of tin; they therdiore remain in the 
anode slimes. Also, the premous metals will go into the slimes. The 
usual reagent for precipitating the lead to prevent its deposition at 
the cathode is HsSOt. It has been determined that about half of the 
lead contained in the anode slimes is present as PbSOi and the balance 
as a complex alloy. 

The tin-anode slimes adhere to and closely maintain the form of the 
anode, so before the scrap anodes are removed the slimes are oarefuUy 
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scraped off, filter pressed, washed, and sent to a department for treatment 
and recovery of the values. Approximately 5 per cent, of slimes is 
produced per ton of tin refined, containing about 30 lb. of tin per ton of 
metal refined; or 98.6 per cent, of the tin is deposited from the anodes. 

A representative analysis of the anode slimes is: Lead 20 per cent., 
copper 5 per cent., arsenic 3 per cent., antimony, 5 per cent., tin 30 per 
cent., bismuth 20 per cent. 

Following is a comparative analysis of electrol 3 rtic and other brands of * 
tin. The samples were taken at users’ plants and the analyses were made 
by the Perth Amboy laboratory: 



Pb, 

Cu. 

As, 

Sb. 

Bi, 

Sn, 

Total, 


% 

% 

% 

% 

% 

% 

% 

May, 1917, Electrolytic. . . . 

0.07 

0.015 

0.004 

0.002 

0 007 

99.88 

99.978 

Penang 

.. 0.023 

0.045 

0 01 

0.019 

0.009 

99.88 

99. 986 

April, 1918, Electrolytic. . . 

.. 0.007 

0.03 

0.006 

0.012 

0.016 

99 93 

100.000 

Penang 

.. 0.03 

0.056 

0.04 

0.04 

0.015 

99.80 

99.980 

May, 1919, Electrolytic — 

.. 0.002 

0.010 

0 005 

0.005 

0.017 

99.93 

99 969 

Banka 

. . 0 006 

0.015 

0 067 

0.033 

0.01 

99.84 

99 970 

Straits 

.. 0.01 

0.010 

0 018 

0 024 

0.02 

99 89 

99.972 

June, 1920, Electrolytic — 

.. 0.03 

0 025 

0 005 

0.005 

0.03 

99 90 

99.985 

Straits 

.. 0.16 

0 05 

0.02 

0 02 

0.011 

99.72 

99 981 

Dec., 1921, Electrolytic — 

.. 0.0025 

0.02 

0.003 

0.004 

0.015 

99.94 

99.985 

Straits 

. . 0 055 

0 07 

0.03 

0.03 

0.029 

99.77 

99.984 


This tabulation shows that the Electrolytic tin is lower in the impuri- 
ties lead, copper, arsenic, and antimony and higher in tin than the foreign 
high-grade brands of tin. 

Electrol 3 rtic tin cannot be surpassed for uses that necessitate high- 
purity tin. Althoi^h for some uses, such as tin plating, on account of its 
hi^ purity it is necessary to add small percentages of Impurities in 
order to produce the same effect as obtained with Straits or Banka tin. 
It has been demonstrated that when the metal was too pure the desired 
thickness of coating would not be as readily produced as when limited 
amounts of impurities were present. It is natural to suppose that 
certain ingredients would be more desirable than others, hence the high 
purity of electrolytic tin permits adjusting the composition of the metal 
to that found best for any partioular use. 

Tin Losses 

The amount of slag produced in smelting Bolivian concentrates is 
determined by the iron contents. When treating concentrates containing 
8 to 10 per cent, iron, the tin loss in slag alone is 1.5 to 2 per cent. With 
higher iron contents, this loss increases proportionately. Other sources of 
loss are in handling, dusting, and fume. The usual loss in electrolyte 
refining is 10 lb. per ton of tin refined on 97 per cent, tin anodes and 
proportionately greater on lower grade anodes. 
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By producing electrolytic tin containing 99.9 per cent, tin instead of 
standard tin containing only 99 per cent, tin the apparent loss is greater. 
Even though electrolytic tin is a superior metal, sight must not be lost 
of the fact that in smelting these impure ores and disposing of the product 
as 99 per cent, or standard tin, 1 per cent, of impurities are disposed of as 
tin; when in the electrolytic process, there is an additional loss of at least 
10 lb. per ton of electrolytic tin produced which, if added to the 1 per 
cent, of impurities sold, makes the apparent loss in the electrolytic 
process 1.5 per cent, higher than in the European method of treating 
this ore. 


Production op Tin 

The world’s production of tin in 1922 was dose to 130,000 tons. 
About 27 per cent, was attributed to the Federated Malay States and 
nearly 26 per cent, to Bolivia. The latter source, almost geographically 
antipodal to the former, is rapidly approaching the lead in production. 
One mine alone in Bolivia has produced over 12,000 tons per annum, and 
it is expected that, when the developments now in progress are completed, 
Bolivia will lead in tin production. 

The United States imports in 1922 were 154,201,000 lb. or 55 per cent, 
of the world’s production. By far the largest use of tin in this country 
is in the tinplate industry. This industry made rapid strides immediatdy 
after the passage of the McKinley tariff and now the United Stat^ 
predominates in the world’s output. 

No official specifications for the quality of tin have been adopted; its 
sale and use are customarily based on brands. One of the largest users 
of tin for tinplating suggested the following specifications, allowing the 
maximum percentages respecting the impurities named: 

PXK PBB 

, Cent. Cbnt. 

Lead 0.04 Aisenic 0.06 

Copper 0.02 Antimoiiy 0.02 

Iron 0.06 Zinc 0.05 

It can be seen that a pure tin is required for the major use and the 
following brands are commonly used; i. e., Straits, Banka, and Electro- 
l 5 rtic, while Billiton, Singapore, Mt. Bischoff, and Pyrmont can also 
be used. 

The second largest requirement for tin is its use for solder making. 
As lead is not an objectional impurity, many brands of common tin can 
be used; some secondary metal is used for this purpose. Pure tin is 
usually required in maliag babbitt, britannia metal, tinfoil, and cot 
lapsible tubes. 
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Present Status op Tin Reduction and Refining Industry in 

America 

Prior to 1915, tin smelting was negligible in this country. As over 50 
per cent, of the world's tin was consumed in the United States, it seemed 
logical to believe that the industry could be firmly established in America. 
Concentrates from Bolivia via the Panama Canal to the United States 
take a favorable rate, also transportation charges on the metal from 
London to New York are saved. But at present all of the tin smelters in 
America are closed. 

In 1915, the treatment charge on Bolivian concentrates varied from 
£14 to £18 per long ton, depending on the grade, impurities contained, 
and so forth. At present, foreign smelters are offering to treat these 
concentrates for as low as £10 per ton and in some cases even less. Since 
1915, labor, fuel, supplies, etc. have advanced in this country approxi- 
mately 125 per cent. 

The situation is briefly explained by an item that appeared in the New 
York Sun and Globe when the National Lead Co's, plant at Jamaica Bay 
was closed, which is quoted as follows: 

“President Comidi informed stockholders that the company's tin- 
smelting plant would be closed in the near future, this being necessitated 
by certain economic changes . . . the National Lead Co. is enabled 
to secure its needs in England at much lower cost than by producing it 
in this country." 

The future of tin smelting in America is uncertain. Will ore-dressing 
methods improve to the point where the concentrates will produce, on 
smelting, a metal comparable to Straits or Banka with correspondingly 
small metal losses, or will the present milling practice continue? If the 
latter should be the case, the Perth Amboy methods and electrolytic 
refining, as here outlined, solves the problem of producing pure tin from 
Bolivian concentrates. 

DISCUSSION 

Edward F. Kern,* New York, N. Y. — Has there been any work done 
on the variation of the slag and silica with the object of reducing the tin 
content of the slag? 

J. R. SmcK. — Siliceous slags containing 36 to 40 per cent, silica have 
given us the best results in tin smelting. In many instances, 30 to 32 per 
cent, silica slags have been run, but with slags containing over 35 per cent, 
silica the tin contents are invariably lower. This is particularly evident 
in the blast-furnace smelting. Of course,^ the more silica used the greater 
will be the amount of slag produced. With the average concentrate, we 
usually produce about 0.6 ton of slag per ton of concentrate. 

* Professor of Metalluigy, Columbia University. 
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A well-known electric-fumaoe company states that finished slags 
containing only 0.2 to 0.3 per cent, tin can be produced in one operation 
by electrio-fumace smelting without the formation of iron-tin alloy. 
In this case, the composition of the ^ag must contain not less than 
66 per cent. SiOa + AljOj, that is tin can be selectively reduced from 
iron at sufficiently high temperature, stated to be about 1460“ C. We 
have not verified these reactions. 

Edward P. Kern. — ^The basis of your calculations is the amount of 
silica in the ore? 

J. R. Stack. — ^W e flux the ore according to the percentage of iron. 

Edward F. Kern. — ^And with no iron addition? 

J. R. Stack. — ^Iron is excluded because it increases the amount of 
slag produced and slag is the medium for the elimination of iron. All iron 
entering the smelter, in the form of ore is eliminated in waste slag and 
every ton of waste slag contains tin, usually IH to 2 per cent. We 
'are limited as to the amount of iron that the waste dag can contain, 
usually 16 to 18 per cent, iron, and consequently iron is not used for 
fluxing in order to avoid increasing the amount of slag produced. 

Edward F. Eern. — ^At the Mattawan plant of the American Tin 
Smelter, William Allen Smith made a number of smeltings, and foimd the 
slag running about 28 or 30 per cent, of silica and the ratio of lime to iron 
oxide throughout practically 1 to 1.5 and the content of hard head 
practically nil. It seems to me, picking out the slag that had a low forma- 
tion temperature and low mdting point, the tin recovery was very much 
higher. I have done some work along that line in the laboratory which 
holds out that same summary of results, pointing to that fact. 

J, R. Stack. — ^F rom 28 to 38 per cent, silioa? 

Edward F. Eern. — ^From 28 to 30 per cent, of silica, keeping the iron 
oxide at 26 to 30 per cent, and the lime at 26 to 18 p^ cent. 

R. L. HAiiLBTT, Brooklyn, N. Y . — 1 know little about the operations 
at Perth Amboy, but I was connected with the operation of the Brooklyn 
plant of the Williams Harvey Corpn. It was the necessities of the war, 
more than anything dse, that prompted us to enter this field; the Perth 
Amboy smelter was started some tune prior to ours. Economically, there 
seemed to be no reason why Bolivian ores dhould not be smelted in the 
United States, as well as any oth^ part of the world, particularly as the 
United States consumes such a large part of the world’s production of 
tiiL If the ores were smelted in Bolivia, the tin would be exported to Idie 
United States. By smdting the ores in the United States, the proposition 
would be almost as good economically because the freight on the concen- 



442 THE BBDHCrrOS' AND BBFININQ OF TJX IN THE UNITED STATES 

trates is not much higher than the freight on the tin would be, considering 
that the tin bullion would have so much greater value. 

The industry was started and at the Williams Harvey plant, tech- 
nically, it was very satisfactory. The smdting plants in this country did 
just as good metallurgical work as any others, probably better, and for a 
while tin smelting looked like a permanent industry; but, not through 
any superior metallurgical operations, tin smeltirg in England has reached 
a point where the work can be done so much cheaper, largely through lower 
labor costs, that it is unprofitable for this country to compete with 
England, unprotected as we are by any tariff. 

Bolivia is one of the great sources of tin. Its production is now 
approaching if it has not already passed that of the Straits Settlements. 
Being such a dominant factor in the tin supply of the world, we must look 
to the Bolivian ores as one of the great sources. These ores are just as 
available to the English smelters as to the American. 

C. R. BLatward,* Cambridge, Mass. — ^It was suggested to me that 
the reduction of tin ore, in order to get away from slag losses and the , 
difficulties with slag in smelting, should begin with the treatment of the 
concentrates. Unfortunately, a long series of experiments is necessary 
to establish a commercial process for cleaning the concentrates. Some 
laboratory experiments, however, showed that once you clean the 
concentrates and produce what is practically pure oxide you can easily 
reduce with gas. Unfortimately when impurities are present, the reduced 
tin will not agglomerate readily; after the concentrates are cleaned the 
tin will agglomerate readily in metallic form. My recollection is that the 
reduction of the oxide takes place completely somewhere between 800“ 
and 900“ C. and very quickly. 

When reducing the tin oxide, if it is kept under reducing conditions, 
there apparent]^ is very little volatilization of the tin; when there is a 
slightly oxidizing condition, fumes of tin appear. In some experiments, 
in a small laboratory blast furnace, I found high volatilization of tin. * 
When discussing this with a man who traveled recently in Germany, I 
was told that some one in that country has worked out a process for 
complete volatilization of the tin in a blast furnace, recovering it as oxide, 
thus purifsring the ore; then, the pure tin oxide is readily reduced by gas. 
If we are to treat tin ore in this country, it must be by some new method. 
We can, by cutting down labor costs, compete with England. 

Edwabd F. Kebn. — ^This matter of gaseous reduction of tin ore will 
be the revolutionizing of the tin-smelting industry. In 1911, Mr. Fan 
Chen, a Chinese student, was vety much interested in tin reduction, so 
we started out to determine the temperature at which tin oxide is reduced, 
and found the reduction temperature of the oxid^ using mixtures of 

* Associate Professor of Metalluigv, Massachusetts Institute of Technology. 
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ordinary New York City illuminating gas. Last year, a graduate ran 
through the reductions of tin concentrates using gas similar to producer 
gas. It was found, by means of carbon monoxide, that the reduction 
was not complete, but when mixtures similar to enriched producer gas 
were used the reduction of tin was complete. That could be carried out at 
approximately 800° C., and the residue left was practically a dry reducer, 
with a reduction of 90 to 95 per cent, of the tin, without the production 
of any ^ag. 

Just this past term, another student has taken up the temperature of 
reduction of tin oxide by the use of charcoal, coke, anthracite, and 
bituminous coal, and has determined the temperatures of reduction 
quite accuratdy with that same idea in mind; not holding entirely to 
gaseous reduction but using solids, whatever may be available at the 
mines or wherever the work is to be done. Anthracite was found to be 
the most suitable of these reducing agents at temperatures between 800° 
and 850° C. It being heavy, the reduction was practically complete, 
and by using a furnace that enabled the ready stirring of the mixture, and 
allowing the tin which is molten at 230° C. to liquate from the other 
product which is a dry residue, and without the reduction of any iron. 
It will do away with the "hard head" entirely, and get merely the 
reduction of the tin oxide, and the lead that might be present. 

With r^ard to the iron content of the ore, the temperature can be so 
readily controlled that only the tin is reduced. I think the metallurgy 
of tin wiU change to the dry reduction. In the reduction of tin oxide, 
considerable experimental work has been done by means of hydrogen, 
and circulating the xmconsumed hydrogen back to the reducing chamber. 

J. R. Stack. — Several years ago, we investigated the gaseous reduc- 
tion of tin ores. Although it had several possibilities, we concluded it 
could not economically compete, at Perth Amboy, with the blast-furnace 
smelting. After the tin has been reduced, there remains the problem of 
separating from it the residue, which consists of iron and the slag-forming 
constituents. This residue occludes tin and may require additional 
treatment, either smelting or leaching. On reviewing the literature, we 
found that this method, xmder the name of Chenwill process, had been 
established on a amall commercial scale in En^and about 1910. Tin was 
said to have been reduced from the concentrates by treatment with a 
reducing gas; evidently the venture was not a commercial success. 

Edwabo P. Kebn. — ^I doubt whether that would call for another 
smelting or leaching, because, m starting with the tin concentrates, you 
will have 65 to 72 per cent, of tin; which means 85 to 95 per cent, of SnOs. 
If the concentrates contain 10 per cent, of gangue materials, that means 
the slag produced by smelting wiU not wei^ less than half of the tin 
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concentrate. Say for a 72 per cent, tin concentrate you would have 
half the weight in resulting slag or 36 parts slag per 100 parts concen- 
trates. The gaseous reduction will give you a dry residue low in tin. 
Should you have chlorides present, the addition of lime overcomes that, 
makes a very dry residue, and prevents sticking. 1 still maintain that 
the gaseous reduction is the coming process for reducing tin concentrates. 

R. L. Hallbtt. — ^At the Williams Harvey plant we used, very 
successfully, a regular fire-smelting process, approximately the same as 
has been used in England for many years, not making as pure a grade of 
tin as is made by the electrolytic method, but making tin suitable for 
many purposes. 

The fire-smelting process has gone throu^ many years of develop- 
ment. While it is sometimes said that little progress has been made in 
tin smdting, slowly year after year, improvements, mechanical and 
otherwise, have been added until tin smelting today, even by the old fire 
process, is much different from what it was some years ago. 

As to gaseous reduction, it would depend on the amount of tin left 
in the residue whether a method of that kind would pay. It is a simple 
matter to reduce tin from tin concentrates. The temperature of reduc- 
tion is low. The mixture can be easily fluxed. It requires only a small 
amount of flux and that part of the process is not at all difficult. The 
metfdlurgical differences are not great, after the process has been thor- 
oughly studied and the details worked out. Reduction with gas, if it 
left a residue that you could afford to throw away, which is still problem- 
atical, mi^t take care of the first stage, but there would still be the 
reduced impurities that must be taken care of. There would be an 
expensive preparation of the ore to begin with, so that the actual reduc- 
tion in the smelting furnace, the first stage furnace, is only one of the 
problems that we encounter in the first smelting of tin. 

WiUJAM H. Bassett, Waterbury, Conn. — ^During the war, we used a 
little electrolytic tin. Our general problem is twofold. One is the use of 
tin in making tinned sheet copper, where we must keep away from such 
impurities as iron; in this, a good deal of residue is made through the 
solution of the copper itself, the melting point of tin increasing on account 
of alloying and crystals of the copper-tin alloy separating out. The 
other is the use of tin in alloys for making bronze springs that, among 
other things, are used for delicate dectrical apparatus. Here very pure 
tin must be used because impurities, such as lead, bismuth, and antimony, 
make the springs brittle. It does not make any difference to us whether 
the tin is electrolytic or fire refined; but for alloys it must be pure, and for 
tinning it must be free from those elements forming ciystals that separate 
out from the tin bath at relatively low temperatures. 
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R. C. Canbt, Wallingford, Conn. — I am one of the few people who 
produced American tin. It was not so very much that we produced in 
El Paso, but it was quite pure tin. We had none of the difficulties that 
we hear were encountered in treating these Bolivian ores. Our ore was 
granite with cassiterite. We got very pure cassiterite concentrate and 
melted that down in an oil-fired furnace. Perhaps the most important 
problem now is the improvement in the concentrating of the crude 
Bolivian ore. 

H. G. S. Andebson, New York, N. Y. — I am not a tin metallurgist, 
but I have had some experience in the reduction of tin without slagging. 
We used a small circular mtxffle furnace about 3 ft. in diameter. Car- 
borundum tubes led through the upper part of the furnace and tmder the 
regular arch. The hearth rotated and the tin concentrate, mixed with 
sufficient reducing agent in the form of partly distilled coal, was intro- 
duced into the furnace, and the operations were continuous. 

The furnace was heated by oil, which was burned in the carborundum 
tubes and the heat conducted through the tube and radiated to the 
charge, so that no combustion gases mixed with the reduction gases what- 
ever. The temperature was about 950® to 980® C.; it could have been 
operated at a lower temperature, but the reduction would not have been 
fast enough for what we might consider economical use. The tin could 
be seen reducing and formed a circular bath about 6 or 8 in. out from the 
point at which it was introduced into the furnace. The hearth was iron 
or steel, about }4 in. thick and was filled with carbon; in the lower part 
the carbon was coarse, but it became finer as it neared the charge. The 
tin sank down through the hearth and was drawn off continuously 
at the bottom. 

Amy iron present at that temperature will reduce and form hard 
head, which forms a skull over the top of the hearth. However, until 
considerable of that hard head accumulates, the tin that has been 
reduced and does not alloy with the iron will work its way through this 
hard head and can be drawn off continuously. The grade of tin, with the 
concentrate containing originally about 6 or 7 per cent, iron was, without 
any further refining, about 99.75. 

The apparatus was a modification of a process for making sponge iron. 
At the time we were developing the sponge process, a friend interested 
in it thought he might be able to apply this modification in apparatus to 
the reduction of tin. As a result he shipped us 5 tons of Bolivian con- 
centrates and we earned on these experiments producing sixty bars of 
tin in this manner, which assayed about 99.76 per cent. We used a partly 
distilled coal. Evidently the tin oxide was reduced by carbon monoxide, 
because the carbon monoxide in the muffle gases was 85 per cent, 
monoxide, and 15 per cent, carbon dioxide. 
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Edwabd F. Kebn. — ^Was there hydrocarbon? 

H. G. S. Andebson. — ^\'’ery little hydrocarbon. The coal contained 
about 10 per cent, volatile, so all the light oils would be extracted from 
the coal and prevent the light oils distilling the charge. The light oils 
form a large volume of gas and a suspension of lampblack in the muffle 
producing an effect like clouds on a cloudy day. There may have been a 
small amount of hydrocarbon there, but it would have been very small 
compared to the amount of carbon monoxide. 

A small amount of the tin, probably 5 per cent., was carried over by 
the rabbles into the discharge with the scoria. This came out in a small 
pellet form, and was later concentrated and melted down as tin. If there 
was any iron present, it would have affected this tin to the ®ctent that it 
went over, but most of the iron alloyed with the tin in the furnace and 
formed the hard head in the furnace. After we cleaned the tin concen- 
trate, as suggested by Professor Hayward, there was little iron present 
and practically no metals beside the tin. It is the easiest thing in the 
world to produce tin in this way when the tin concentrate has been cleaned. 
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Hydrometallurgy of Lead* 

Bt Olivbb C. Ralston, Bbreblet, Cauf. 

(New York Meeting, February, 1924 ) 

A DEFINITE field of usefulness has developed for the brine-leaching 
processes of removing lead from ores and other products, so this paper 
reviews the developments, both in practice and in research, that have 
taken place since the publication of two earlier papers on this subject.^ 
Several commercial plants are now in operation and a number of semi- 
commercial test plants have been operated in an effort to determine the 
limitations of brine leaching and to compare the results with other 
forms of treatment. 

Briefly, the brine leaching of lead depends on the fact that lead 
chloride and lead sulfate are soluble in saturated sodium-chloride solu- 
tions. In dilute brines, the solubility of the lead salt is less than in pure 
water; but in the strong brines, the solubility is greater than in pure 
water due, supposedly, to the formation of a double sodium-lead chloride. 
This is seen in Fig. 1, which shows the results of M. Demassieux* on the 
solubility of lead chloride in sodium-chloride solutions of different con- 
centrations and at three temperatures. The curves are not those given 
by Demassieux but are calculated from his results in order to convert 
them to units common in metallurgical work. The right-hand branch of 
each curve shows that if the solution is kept in contact with solid sodium 
chloride the lead chloride can be almost entirely displaced from solution, 
but that brines which are saturated with sodium chloride, but are not in 
contact with the solid salt, have a very high solubility for lead chloride. 
The diagram gives the analysis of the solution in grams of lead per liter, 
although the substance actually in solution is lead chloride. At 100® C. 
as much as 100 gm. of lead per liter can be obtained; but at lower tem- 

*By permission of the Director, Bureau of Mines of the Department of the 
Interior. 

t Assistant Chief Metallurgist, Bureau of Mines. 

^Lyon and Ralston; Innovations in the Metallurgy of Lead. Bureau of Mines 
BuU. 167 (1918). 

Ralston, Williams, Udy, and Holt: Salt in the Metallurgy of Lead. Trans. 
(1917) 67, 634. 

* M. Demassieux: Comptes R&adus (1914) 168, 702. 
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peratures less lead is dissolved, until at about 13® C. the maximum 
solubility of lead chloride allows only about 17 gm. of lead per liter. A 
high lead ore requires almost one ton of solution for every unit (20 lb. = 
1 per cent.) of lead in the ore. 

The effect of temperature on the solubilitj’’ of lead chloride in brines is 
shown in Fig. 2, which is derived from Fig. 1 and gives the upper and 



^ 0 20 40 60 80 IOC !20 !40 ’.SO ’.80 200 220 M 260 280 300 320 340 
Grams NaCl per Lii'er 

Fig. 1. — SoLGBiLiTr op lead chlobide m sodium-chlobide solutions. 
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Fig. 2. — ^Effect of tbmpebatdbe 
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BBINES. 
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Fig. 3, — Solubilitt of silveb chlo- 

BIDE IN SODIUM-CHLOBIDE BBINES. 


lower concentrations of brine that have been found practical; between 
these two curves is the safe operating field. A weaker brine has not 
sufficient dissolving power and a stronger brine cannot be prepared 
except at the expense of throwing lead chloride out from solution. 

Although the addition of sulfates to most solutions of lead will form 
an insoluble precipitate of lead sulfate, this is not true for brines; in 
fact lead sulfate can be dissolved by the brine, apparently it is altered 
to lead chloride and the sulfate radical combines with sodium. An 
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accumulation of sodium sulfate in the solution is not desirable, as it 
allows less sodium chloride to stay in solution and to that extent dilutes 
the effective leaching solution; therefore, in most commercial practice, 
as at present developed, where sulfates are invariably present, solutions 
with a dissolving power near the lower limi t of Fig. 2 are more common 
than those near the higher limit. * 

A strong brine also dissolves cuprous chloride and silver chloride, 
both of which are practically insoluble in water. Quantitative figures 
are not available for cuprous chloride but the solubility for silver chloride 
in strong brines has been determined by Forbes® and his recalculated 
data are given in Fig. 3. Extrapolation had to be used to get the solu- 
bility at concentrations of salt necessary for efl&cient extraction of the 
lead. The solubility is given in grams of silver per liter and also in 
(approximately) ounces of silver per cubic foot of brine. For the strong 
brines, about 1 oz. of silver will be extracted by 1 cu. ft. of brine. Proper 
proportioning of solution to ore in order to extract all of the silver can be 
made on this basis; for most ores, the ratio necessary to extract all of the 
lead gives a great margin of safety for the silver. 

Whereas the lead can be dissolved in a neutral brine, the silver is so 
easily precipitated from the solution on such substances as zinc sulfide 
that almost invariably the brine must also contain small amounts of acid 
or of ferric chloride or cupric chloride, all of which tend to redissolve any 
precipitated silver sulfide. 


Products Requirino Treatment 

Brine leaching can be used for any product containing lead chloride 
or lead sulfate and silver chloride or silver sulfate. Acidified brines also 
tend to attack galena and the sulfide minerals of silver, especially if the 
solution also contains the higher chlorides of iron or copper. A brief 
review of the products to which the brines have been adapted is given. 

1. Electrolytic zinc plant tailing. Most of the lead originally present 
in the ore is present in this tailing as sulfate; part of the silver and much 
of the copper also are in a soluble condition. On that account, rather 
large sums of money have been spent in testing the adaptability of 
brine leaching to the treatment of zinc-plant tailing at Great Falls, Mont., 
Trail, B. C., Kennett, Calif., and Hobart, Tasmania. The general 
details of the experimental work at these various plants are given later. 

2. LeadrSidfate flue dust from lead and zinc smelters. The application 
of brine leaching to treatment of this product has been tested at a number 
of smelters and by several inventors. As is well known, lead smelters 
cannot normally treat large percentages of lead-sulfate dust and always 


* G. S. Forbes: Jtd. Am. Chem. Soc. (1911) 33, 1937. 

voii. ucx . — 29 
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try to avoid it or at least not to allow the percentage used in the blast- 
furnace charge to rise above a rather low figure. 

3. Lead^sulfate sludges from sulfuric-acid chambers. The lead of the 
chamber walls is gradually sulfated (3 lb. lead per ton acid produced) 
and it is common practice to clean out and repair the lead chambers 
every three or four years and ship the lead-sulfate sludge to a lead smelter, 
if one is within economic distance, 

4. Oxidized ores of lead containing lead carbonate or lead sulfate. If 
these ores do not contain too much limestone or other acid consiuners, an 
acidified brine (containing suKuric acid) can be used for the extraction of 
lead carbonate whereas a neutral brine will extract the lead sulfate from 
almost any ore. This is being tested on river accumulations of tailing 
by the Btinker Hill & Sullivan Mining, Smelting & Concentrating Co- 
in Idaho and has been investigated by several other companies. Silver 
ores containing oxidized minerals of lead are given a chloridizing roast 
at two plants in Utah and the lead is recovered from the ore, together 
with the silver, by the use of brines. 

5. Concentrating mill tailing containing lead sulfide or silver sulfide, 
or both. This type of material is receiving serious attention by the Bunker 
Hffl & SuUivan Co. 

6. Complex zinc4ead4ron sulfide ores. Numerous methods of chlorid- 
izing and brine leaching have been invented and tested. Nearly all of 
the large companies in the world that produce large amounts of zinc- 
sulfide concentrate containing lead have investigated various chloride- 
volatilization processes or brine-leaching processes for the removal of the 
lead and silver. 

Methods of Converting Lead to Soluble Form 

For oxidized ores, as just mentioned, lead sulfate is directly soluble 
in the brine and lead carbonate is soluble in acidified brine. Oxidized 
ores also yield to either sulfate or chloride roasting preceding a brine 
leach. Methods of treatment that also form ferric chloride or other 
multivalent chlorides in the solution are also applicable to lead carbonate, 
as the latter reacts with ferric chloride, precipitating basic ferric chloride 
or ferric hydroxide and giving off carbon dioxide so that the lead goes 
into solution as lead chloride. Chloridizing roasting with salt in a shaft 
roaster is practiced at two plants in the Tintic district of Utah, as 
described elsewhere in this paper. 

For sulfide ores, one of the simplest things to do is to give a low 
temperature roast (400® to 650® C.), under which conditions the galena 
is sulfated easily and almost completely. This was investigated and 
reported by the Bureau of Mines in previous papers (Zoc. dt.). A cleverly 
designed roaster for this purpose is now being devdoped at the Bunker 
Hill & Sullivan pilot plant. 
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Chloridizing roasting of lead-sulfide ores containing silver is another 
favorite method and patent literature is full of processes that are varia- 
tions of this idea. It was reported, both by the Bureau of Mines in the 
publications just referred to and by Larson^ who worked for several 
years at Kellogg, Idaho, with a simple lead-silver ore. The use of zinc 
chloride instead of sodium chloride for heating with complex sulfide ore 
is advocated by Ganelin® and by the Amalgamated Zinc (DeBavay's) 
Ltd. of Australia,® as well as by Harry Hey^ formerly of the Amalgamated 
Zinc but later of the Electrolytic Zinc of Australia, Ltd. Heating the 
ore in an atmosphere containing hydrochloric-acid gas is advocated by the 
Amalgamated Zinc® and by Hey,® galena being chloridized before sphal- 
erite. This chloridizing-roasting treatment converts the lead to a 
soluble form satisfactorily, but one important function of the chloridizing 
roast is to convert any silver compounds in the lead ore to the chloride 
form so that the silver chloride may also be extracted with the lead 
chloride or sulfate by a brine. Heating with ferric or cupric chloride to 
150®-250® is advocated by Middleton^® in order to chloridize the silver. 
Chloridizing roasting with chlorides of calcium or magnesium at 400°— 
600° C. is advocated by F. E. Elmore, using moist air to generate hydro- 
chloric acid by interaction with the alkaline-earth chlorides in the charge, 
which are the actual chloridizing agent. A temperature of over 600° C. 
cannot be allowed as the zinc sulfide is attacked at higher temperatures, 
but below it the galena is selectively chloridized. Selective chloridizing 
roasting with salt is advocated by H. J. E. Hamilton,^® of Broken Hill, 
who keeps the roasting temperature below 400° C. in order to 
chloridize lead and silver selectively without affecting the zinc content 
of the ore. 

Sulfuric-acid treatment of mixed sulfide ore is proposed by several 
inventors. Elmore^® uses strong acid (1.84 sp. gr. or 95 per cent. H 2 SO 4 ) 
at about 100° C., under which conditions the galena is converted to lead 
sulfate with liberation of sulfur dioxide and elemental sulfur and the zinc 


*C. L. Larson: Hydrometallurgy of Lead-Silver at the Bunker Hill Smelter 
Min, A Sc. Pr, (1917) 116, 275. 

• Solomon Ganelin: U. S. Patent No. 1396740, 1921. 

• Brit. Patents No. 135968, 1918; No. 141044, 1920; No. 144260, 1920; No. 151952, 
1920. U, S. Patent No. 1402733, 1922. 

^ Harry Hey: U. S. Patents No. 1462858 and No. 1452867, 1922. 

• Brit. Patent No. 159135, 1921. 

• Harry Hey: U. S. Patent No. 1384465, 1921. 

Percy R. Middleton: U. S. Patent No. 1403516, 1922. 

“F. B. Elmore: Brit. Patent No, 162026, 1919. 

^ H. J. E. Bamilton: Brit. Patent No. 152289, 1920, and Canad. Patent No. 220917, 
1922. 

i»P. E. Elmore: U. S. Patent No. 1441072, 1923; also Brit Patent No. 127641, 
1917, and Canad. Patent No. 217900, 1922. 
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and other sulfides in the ore are largely unaffected. Christensen** has 
developed a very similar treatment of the ore that produces almost the 
opposite result. By using acids from 60 to 98 per cent, in strength and 
heating to their boiling points, the zinc sulfide is attacked and converted 
to sulfate which is soluble in excess of the concentrated acid. With 
acids stronger than about 80 per cent., elemental sulfur and sulfur 
dioxide are evolved and galena is sulfated. With weaker acids, hydrogen 
sulfide is the main sulfur product and galena is not attacked while the 
sphalerite is. P. A. Mackay** uses fuming sulfuric acid containing con- 
siderable dissolved sulfur trioxide to attack the galena and convert it to 
sulfate. 

Strong hydrochloric-acid solution, when heated, will attack galena in 
preference to sphalerite, according to Elmore,** with evolution of hydro- 
gen sulfide. However, the difficulties of heating hydrochloric acid in 
any commercial material of construction are so great that this method 
wiU not be of great interest. 

Dilute hydrochloric-acid solution, in the form of a slightly acid satur- 
ated sodium-chloride brine, is recommended by Elmore,*^ who adds 
sulfuric acid to the ordinary brine used in leaching soluble forms of lead; 
when heated close to the boiling point this solution attacks the galena 
with evolution of hydrogen sulfide, leaving the zinc sulfide largely 
untouched. Sulfuric add is used because it is cheap but means must be 
taken of preventing deleterious accumulation of sulfates in the brine. 
Some of the silver in the ore is also dissolved, especially if hydrogen sulfide 
is removed as fast as formed. The early work by the Bureau of Mines 
was with acid brines as applied to oxidized ores. Althou^ desultory 
experimenting was known to the author, Elmore seems to be the first to 
have published anything on the use of these brines with raw sulfide ore; 
since then numerous inventors have worked with these brines and the 
patent literature resulting is too voluminous to review here. Acid brine 
is of greater importance for the leaching step than for the preparation of 
the ore for leaching, the subject at hand. 

Ferric chloride, usu^y dissolved in a strong brine of NaCl or of 
CaCls, has been experimented with by several organizations on a rela- 
tively large scale and seems to be well adapted to removing lead and 
silver from complex sulfide ores. Usually the solution must be heated in 
order to make it attack the lead and silver minerals vigorously. The 


M N. 0. Chiistensen: U. S. Patents Jlo. 141S796, 1917; No. 1434084, No. 1434086, 
No. 1434088, and No. 1435891, 1922. 

»P. A. Maokay: Brit. Patent No. 154718, 1919. 

“ F. E. Elinoie: Brit. Patent No. 131353, 1918, and U. S. Patent No. 1346642, 
1920. 

E. Ehnore; Brit. Patents No. 127641, 1917; No. 181239, 1921; and No. 
184628, 1921. 
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sulfur of the galena is liberated as free sulfur. Perhaps the most work 
has been done by Hanney,^® Collins,^® and Christensen.®® Hanney 
worked at the plant of the Consolidated ^lining and Smelting Co., of 
Trail, B. C., which will be described later. Collins is an English inventor 
and Christensen has been identified with chloridizing roasting and leach- 
ing of silver-lead ores in Utah for ten years. Brines containing ferric 
chloride are more widely used for leaching prepared ore than for attacking 
raw ore. 

Leaching Solutions 

A neutral saturated brine of sodium chloride, or a strong brine of 
calcium chloride or magnesium chloride, will dissolve lead chloride, lead 
sulfate, and silver chloride so that they may be leached from the ore. 
Silver is so easily precipitated on other sulfide minerals that its leaching 
solutions must be acidified or carry some ferric chloride, which redissolves 
any silver metal or silver sulfide that tends to precipitate; its use is 
fundamental to the processes of the Amalgamated Zinc (DeBavay's) 
Ltd., of Australia,®^ of Christensen®® and of others.®* 

A chloride solution containing excess chlorine is used by Nathansohn®^ 
in order to take the lead chloride into solution as the more soluble tetra- 
chloride of lead. A leaching solution of brine containing smaller amounts 
of chlorine is used in the Tainton process (private communication) at the 
Bunker Hill & Sullivan test plant, Kellogg, Idaho, in order to take lead 
and silver into solution and prevent reprecipitation. 

Ferrous-chloride solution containing 12 per cent, ferrous chloride, 
which is capable of taking up 3 per cent, of lead chloride at 90® C., is 
used by DeLuce,®® who uses ferrous chloride^in place of sodium chloride, 
in spite of the lower dissolving power, to follow an attack of the ore by a 
15-per cent, ferric-chloride solution and he thus avoids trouble due to the 
mixing of the two solutions. 


“ Wm. H. Hanney: U. S. Patent No. 1466798, 1923; Canad. Patent No. 210188, 

1921. 

» J. J. CoUins: Brit. Patent No, 166929, 1920. 

N. C. Christensen: U. S. Patents No. 1416796, 1919; Nos. 1434084^5-6-7-8, 
No. 1455891, 1922; Nos. 1441063-4^, No. 1466784, 1923. 

"Brit. Patents No. 135968, 1918; No. 141044, No. 142854, No. 144260, No. 
161962, 1920; No. 169135, 1921. 

XJ. S. Patents No. 1384465, 1921; No. 1402732, Nos. 1432858-9, 1922. 

"Zioc. dt. 

" Soc. Anon. Minerals et M^nx.; Brit. Patent No. 136163, 1919. 

Collins, itnd. 

Solomon Gandin: Pat.ct^. 

**A. Nathansohn: Brit- Patent 187195, 1921; Get. Patents Nos. 366483-4-6, 

1922. 

» Bobert DeLam: U. S. Patent No. 1261486, 1918. 
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Precipitating the Lead 

The early work of the Bureau of Mines seemed to indicate that elec- 
trolji;ic precipitation in a cell with iron anodes would be economical and 
satisfactory. This method was tested on a fairly large scale by the 
Anaconda Copper Mining Co., at Great Falls, Mont., by the Bunker HiU 
& Sullivan Mining & Concentrating Co., at Kellogg, Idaho, and by 
the Consolidated [Mining & Smelting Co., at Trail, B. C., details of 
which will be given later. 

Since the work with soluble anodes was done, other inventors have 
been busy developing the electrolj^sis of brines containing lead in cells 
with insoluble anodes (graphite) and utilization of the anode products. 
Flynn and Van Arsdale*® depolarized the anode with ferrous chloride in 
the solution; Christensen and others, who use ferric chloride to attack 
the ore, likewise use insoluble anodes and ferrous chloride in the solution; 
Tainton*^ generates chlorine at the anode and later uses it in leaching. 

Chemical methods of precipitation have also received their due 
interest and several rather eflBicient methods have developed. Zinc 
hydroxide as a precipitate of lead from brines, the precipitate being lead 
hydroxide, has been proposed by N. C. Christensen and E. H. Snyder, 
in connection with the possible treatment of complex zinc-lead sulfide ore 
from Pioche, Nev. This method would allow the removal of the lead and 
the subsequent recovery of the zinc in brines by precipitation of the zinc 
as hydroxide, part of which would be returned for precipitating lead. 
Sodium carbonate, sodium sulfide, and lime are mentioned by Sulman 
and Pickard, of London, in connection with a proposed modification 
of the original brine leaching and precipitation processes described by the 
Bureau of Mines. 

In the early chloridizing blast-roasting and brine-leaching mills in 
Utah, where the recovery of silver and copper was the main object, lead 
went into solution and part of it was precipitated on the scrap iron used 
for recovery of the silver and copper, after these two metals had been 
removed from the solution. This precipitation on scrap iron is very 
slow at ordinary temperatures but is more rapid if the temperature of the 
solution is raised. This fact has been utilized in the chloridizing leaching 
mill of the Tintic-Standard Mining Co., at Harold, Utah. Details of 
this are given later. The need of using hot brines makes working in the 
mill xmcomfortable and there is some difficulty in cleaning up the pre- 
cipitated lead. 


*®F. N. Kynn and G. D. Van Aiadale: Enff, A Min. JrU. (1920) 109, 487; also 
U. S. Patent No. 1448923, 1923. 

” U. C. Tamton: private cominunication. 

“ H. L. Sulman and H. P. K. Pickard; TJ. S. Patent No. 1265547, 1918. 
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Sponge iron as a precipitant of lead from brines was probably first 
experimented with on a relatively large test at Elennett, Calif., in the 
electroljrtic-zinc plant of the U. S. Smelting, Refining and Mining Co., 
by H. R. Hanley, in connection with the recovery of lead from zinc-plant 
residue. T. P. Holt has recently operated a commercial plant in the 
mill of the Tintic Milling Co. at Silver City, Utah, producing sponge iron 
by a process developed at the Northwest Experiment Station of the 
Bureau of Mines and using it in recovering lead from leaching solutions. 
Sponge iron, different from scrap iron, will precipitate the lead as a spongy 
metal at practically room temperature and does not require heating of the 
solution to the temperature needed by scrap iron. The precipitation is 
also rapid and practically complete. As used at Silver City, it is merely 
placed in beds in long launder-shaped boxes and the solution passed 
down through it. It can also be pulverized like zinc dust and applied, in 
the same way that zinc dust is used in cyaniding, for the precipitation of 
lead, copper, silver, and gold from brine-leaching solutions. 

Users of Brine Leaching 

The foregoing shows that brine-leaching methods have received wide 
attention and a number of commercial plants are in operation. In 
Australia, the Amalgamated Zinc (DeBavay's) Ltd., some of whose 
inventors are David Avery and Harry Hey, and the Electrol 3 rtic Zinc Co. 
of Australasia, Proprietary, Ltd., have been interested. H. J. E. Hamil- 
ton, of Broken Hill, has also contributed. 

In En^and, F. E. Elmore and the Chemical and Metallurgical Corpn., 
of London, have been very busy, paying particular attention to the 
complex ores of the Burma Corpn. Sulman and Pickard, H. S. Mackay, 
P. A. Mackay, J. J. Collins, J. Nelson, and M. C. "White are also con- 
tributors to the advancement of the art. 

In Glermany, P. Krupp and A. Nathansohn have carried out research 
work. 

In Canada, at Trail, B. C., the Consolidated Mining & Smdting 
Co. has done considerable work in treating the zinc-leaching plant 
residues and an important improvement has been patented by one of 
its men, W. H. Hannay. 

In the United States, a plant is in operation by the Tintic Milling Co., 
of Silver CSty, Utah; another plant is in operation by the Tintio-Standard 
Mining Co., at Harold, Utah; fairly large test plants have been built and 
operated by the Bunker BGll & Sullivan Mining, Concentrating & 
Smelting Co., at Kellogg, Idaho (J. L. Malm, R. S. Handy, C. L. Larson, 
"W. G. Woolf, and U. C. Tainton); by the Anaconda Copper Mining Co. 
at Great FaOs, Mont. (J.‘0. Elton and R. B. Caples); the U. S. Smelting, 
Refining, and Mining Co. at Kennett, Calif. (H. R. Bhmley). Smaller 
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scale experimental work has also been carried on by the Butte and 
Superior IVIining Co. at Butte, Mont.; the Philipsburg jSIining Co., at 
Philipsburg, Mont.; S. Ganelin of Brooklyn, N. Y.; If. C. Christensen, 
of Salt Lake City, Utah; Francis X. Flyim and G. D. Van Arsdtde, of 
New York; P. R. Middleton, of New York; Robert DeLuce, of Oakland, 
Calif.; and others. 

Spence Process 

One of the earliest attempts at treatment of lead ores by hydro- 
metallurjpcal means was that of Spence, of England, reported by Collins.*® 
Slime of a complex sulfide ore, containing 48 per cent, zinc and 14.7 per 
cent, lead, was treated with 100 gal. commercial muriatic acid per ton ore 
and the resulting lead chloride washed out with 12 tons hot water, leaving 
a residue containing 2 per cent, lead and 57.5 per cent. zinc. Two-thirds 
of the lead precipitated from the hot water on cooling and the remainder 
was recovered as lead-chromate pigment by adding chromates to the 
solution. This process was worked for several years but commercially 
was unsuccessful, the reasons for this, however, have not been stated. 

HoU-Christensen Process 

Since 1914, TnilTa in Utah have been using processes that grew out of 
the work of T. P. Holt and N. C. Christensen, all of which involved 
chloridizing roasting in blast roasters, followed by leaching with brine. 
Silver and copper have been the two metals sought but it has always 
been recognized that the brines were saturated with lead. Precipitation 
of the silver and copper has taken place on scrap iron and at the tempera- 
ture of the mill solutions (20® to 35® C.) very little of the lead in the solu- 
tion was precipitated. In fact, lead does not begin to precipitate imtil 
most of the silver and copper have been cemented on the iron. Inter- 
mittent attempts were made to develop a cheap way of recovering the 
lead, but it was not until the high prices of lead in 1922 and 1923 that any 
of the methods of precipitation that had been developed were adopted in 
practice. At present, that portion of the lead which happens to dissolve 
is recovered in the mills of the Tintic Milling Co. and of the Tintic- 
Standard Mining Co. 

Tintic Standard Mill 

At Harold, Utah, in the eastern part of the Tintic district, the Tintic 
Standard Mining Co. is engaged in mining a large deposit of ore, part of 
which can be shipped directly to the smelters and part of which must be 
milled Because of its oxidized condition, mechanical concentrating 
methods are not ^5cient and leaching methods have been adopted, using 


** H._P. CSolliiis:_,‘'MetalIatg 7 of Lead,” 2d Ed., 491. O. GiifSn & Co., London. 
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the Holt-Dern process as developed in the mill of the Tintic Milling Co. 
The ore has the following average partial analysis: 


Au, ounces per ton 0 . 025 

Ag, ounces per ton 17.0 

Cu, percent 0.35 

Pb, percent 4.0 

Si02, per cent 56.0 


Fe20j + AlsOs, per cent 16.3 

CaO, per cent 0.33 

Zn, percent 0.12 

S, per cent 2.5 


Two hundred tons of this ore are treated daily by pulveri 2 ang, mixing 
with coal dust and salt and then roasting in a blast roaster of the Holt- 
Dem type. This chloridized ore is then placed in wooden leaching vats 
and treated with a strong brine, which dissolves the silver, copper, gold, 
and lead. To get a good extraction of gold requires the use of a strongly 
oxidizing solution containing ferric chloride; but in this mill not enough 
gold is present to warrant the using of such solutions. A barren solution 
and a wash solution follow the original leaching solution in treating the 
ore. The metal extractions claimed, based on smelter settlements, are 
82 per cent, silver, 40 per cent, copper, and 40 per cent, lead; steps are 
being taken to improve the lead practice on account of the value because 
of enhanced metal prices, as the roasted ore has 85 per cent, of the lead 
in brine-soluble form. The pregnant solution is pumped to towers where 
it passes the roasting gases and is thus acidulated with sulfuric, sulfurous, 
and hydrochloric acids from the roaster. It is then passed to the silver 
precipitators, where copper is used to displace the silver from solution. 
After this, the solution is run over scrap iron in launders, or long boxes, and 
the copper recovered. Then the solution is heated by live waste steam 
to 76® C. and passed to launders containing baled tinplate scrap from 
local canneries. One pound of iron precipitates 2.6 lb. of lead and the 
composition of the le^d precipitate is as follows: silver, 2 to 5 oz. per ton; 
copper, 3 to 6 per cent.; lead, 78 to 83 per cent.; iron, 3 per cent.; insoluble, 
3 per cent.; arsenic, 0.7 per cent.; and zinc, 0.7 per cent. 

Heating the solution has the disadvantage that the steam dilutes it, 
thereby greatly reducing its lead dissolving powers. However, for 
ordinary dense iron, it is absolutely necessary to heat the solution to 
obtain a utilizable velocity of precipitation. Sponge iron was tried, being 
placed in the launders; while it fimctioned very weU, the sponge lead 
clogged the precipitating trough and not ail of the iron was used up. 
However, because of its success in the mill of the Tintic Milling Co., 
sponge iron is again being considered. Inasmuch as the lead has been a 
byproduct, recovered incidentally to the extraction of silver, the cost of 
recovery has merely been calculated on the precipitation and marketing 
expenses, neglecting a proportionate share of the grinding, roasting, and 
leaching; on this basis the lead cost 1.6 cents per lb. on cars ready for 
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shipment to a smelter. On this basis, the cost of extra plant for recovering 
the lead was amortized ver}’ quickly and the operation has been on a 
profitable basis ever since. By preparing a cleaner lead precipitate and 
smelting it into bars for direct sale to the lead consuming market, more 
would be realized than shipping the lead precipitate to a lead smelter 
merely as a rich-lead ore. Improvements both in extraction and grade 
of precipitate are being investigated and developments will be awaited 
with interest. 

Plant of Tintic Milling Co. 

This was the first successful chloridizing, roasting, and leaching mill 
in the Tintic district and followed a similar mUl built at Park City by 
Holt and Dem. It is located at Silver City, Utah, and has been treat- 
ing oxidized ores from several mines of the Knight and Dem interests for 
nearly ei^t years. Its capacity is 200 tons daily but, recently, because 
of the dwindling ore supply, only about 100 tons daily have been treated, 
and the silver content is now only 7 or 8 oz. per ton. Present operation is 
therefore intermittent. The pulverized ore is mixed with coal dust, 
P 3 Tite, and salt and blast-roasted in Holt-Dem shaft roasters. The 
gases from the roasters are passed up a scrubbing tower supplied with 
pregnant solution in order to give up any acid formed in the vapors, and 
thereby acidify the solution so that better precipitation of silver and 
copper can be obtained. The roasted ore is collected in round wooden 
leaching vats and treated first with a solution low in silver and other 
metals, and is then passed to precipitation. Then it receives a wash, 
by barren solution from the precipitation laimders, and, finally, a 
water wash to recover^I^salt. Since starting to recover the lead from 
them the solutions have been raised by the addition of salt from 22° B4 
density to 27°, with a corresponding increase in the amoimt of lead from 
4.7 to 10 gm. per liter, at ordinary temperatures. No attempt was made 
to purify the brines in order to increase their dissolving power for lead, 
nor has sufficient brine to extract all the lead been used. 

The interesting part of the Tintic Milling Co. mill is the use of sponge 
iron for precipitation of the lead. Silver and copper are precipitated 
first on scrap iron, more or less as at the Tintic Standard Mill; then the 
solution passes to several long launders with false bottoms, on which a 
4-in. layer of sponge iron is spread. Cold solutions are completely pre- 
cipitated in passing dowly down through this layer of sponge iron. The 
sponge iron is made from a low-grade iron ore mined locally and con- 
taining small amounts of silver, which is mixed with an equal weight of 
coal slack and heated to about 950°— 1000° C. in a continuous rotary 
kiln developed by the Northwest Experiment Station of the Bureau of 
Mines (Seattle). The coal prevents any reduced iron from reoxidizing 
and a small 27 by 3 ft. kiln is producing 3 tons of sponge iron daily (the 
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amount required by the mill) in which the iron oxide is from 80 to 98 
per cent, reduced, depending on operating conditions. As iron in a lead 
ore is credited by the lead smelter, no attempt at complete reduction of the 
iron is made, nor at complete replacement of iron by lead during precipi- 
tation, so the resulting precipitate contains 20 per cent, iron and 40 to 
60 per cent, lead, and a considerable amount of insoluble and other 
material from the original iron ore, nevertheless acceptable to the lead 
smelter. This successful commercial production of sponge iron came 
almost coincidently with the production of 6 tons daily by the Chino 
Copper Co., by the ThomhiU process, for purposes of copper precipi- 
tation. The use of sponge iron from lead precipitation had been experi- 
mented with, for a number of years, by others, notably, H. R. Hanley, at 
Kennett, Calif., in 1917 and 1918, but the Silver City work was the first 
attempt at commercial operation. 

Just why sponge iron should be so efficient at ordinary temperature, 
in comparison with dense iron, is difficult to explain, unless it is because 
of the enormously multiplied surface exposed. Sponge iron functions 
fairly efficiently at 30° C., whereas dense iron, in the form of detinned 
light tin-plate scrap, requires at least 76® C. 

Bunker Hitt & Svttivan Leaching Plant 

Some of the early research on the hydrometallurgy of lead originated 
at the Bunker Hill & Sullivan plant, in -Kellogg, Idaho, and several 
years’ work has been done. At first, the chlorination process of John 
L. Malm, intended mainly for the treatment of complex sulfide ores, was 
tested; but due to several operations for which mechanical apparatus had 
not been developed and to the simple silver-lead ore that was proposed for 
treatment, was later dropped. However, during this work it was dis- 
covered how easily galena could be sulfated either during oxidizing or 
chloridizing roasting and also that lead sulfate was soluble in strong 
brines. Later, the brine-leaching and electrolysis proc^ developed 
by the Bureau of Mines at its Salt Lake experiment station was tested at 
Kellogg imder the direction of C. L. Larson, who patented the sequence 
of operations that was successful.*® The work of Larson showed that 
the silver and lead in the Bunker Hill ore should be extracted by chloridiz- 
ing roasting, brine leaching, and electrolysis with iron anodes as cheaply 
as, or more cheaply than, by concentrating and smelting. However, before 
he had reached t^ conclusion it had become necessary for the company 
to build a smelter and shortly afterwards the test plant for lead leach- 
ing was burned. It was later rebuilt and Larson’s work was continued 
by W. G. Woolf, another of the former Salt Lake experiment station 


•• C. L. Lacson: IJ. S. Pateat No. 1284910, 1918. 
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men, who, however, began to test a modified process of U. C. Tainton, 
for which a 50-ton pilot plant was built and is now in operation. Details 
of Tainton's process are not available but doubtless will be published later. 

In general, the process is to roast the simple galena ore (80 to 95 per 
cent, gangue) in an electrically heated roaster designed by Tainton, that 
is expected to expend 30-50 kw.-hr. per ton of ore, heated to 500° C., 
at which temperature aU of the galena is converted to lead sulfate. A 
water wash will remove soluble suKates of manganese, magnesium, and 
other metals and thus diminish fouling of the brine solution which follows. 
The brine is saturated with salt and contains dissolved chlorine from the 
electrolytic cells, the purpose of the chlorine being to attack any unroasted 
golena but mainly to take silver compounds into solution as silver 
chloride. The brine is applied in agitators, thickeners, and a wood-lined 
Burt filter, which allows piston displacement of the brine from the filter 
cake by water. Calcium chloride is introduced in amounts suflS-cient 
to precipitate all sulfates from solution as calcium sulfate and prevent 
fouling of the solution. The lead and silver are precipitated from the 
brine in an electrolytic cell with rotating sheet-iron cathodes enclosed in a 
wooden-frame filter-press type of electrolytic cell with graphite anodes 
enclosed between wooden diaphragms of veneer. The sponge lead 
does not adhere to the cathodes but floats out of the ceU with the brine 
and is collected and pressed into cakes ready for melting. The chlorine 
collected m the anode compartments dissolves, in part, in the solution 
and the remainder is absorbed in a lime scrubbing tower, producing cal- 
cium chloride and hypochlorite for returning to the circuit, as mentioned 
above. It makes possible 90 to 95 per cent, extraction of the silver and 
95 to 98 per cent, of the lead, without the necessity of a chloridizing roast. 
This is an important contribution to the subject. It is expected that 
the huge accumulation of tailing from the lead concentrating mill wiU be 
treated economically and also that the process can be modified to treat 
the tailing from an electrolytic-zinc plant soon to be built. 

Process of F. N. Flynn 

F. N. Flynn, in conjunction with G. D. Van Arsdale,®^ patented a 
process for treating products containing lead sulfate and was actively 
engaged in promoting a modified brine-leaching-and-electrolysis process 
in which a diaphragm cell was used and ferric chloride was formed at 
the anodes, with simultaneous depolarizing of the anodes.*^ This ferric 
chloride was reduced to ferrous chloride by the addition of calcium-sulfite 
liquor made outside of the circuit. Enough lime was also added to pre- 
cipitate any excess of iron that accumulated in the solution, and to remove 
sulfates resulting from the dissolution of the lead sulfate. The lead- 

*^F. N. Flyim and G. D. Van Arsdale: Loc, cU. **866 discussion on p. 468. 
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sulfate material or ore was merdy treated with a sodium-chloride brine 
containing ferrous chloride. The ferric chloride was not utilized for its 
oxidizing power on any lead or silver minerals. Therefore, the process 
was of value principally for recovering lead and probably of little value 
for silver-bearing materials, except where the sOver had already been 
converted to brine-soluble form. 

Experiments on Kennett Zino-plant Residue 

Early in 1918, the TJ. S. Smelting Refining & Mining Co. carried 
out tests of brine leaching of their electrolytic-zino plant residue at 
Kennett, Calif., which had the following average analysis: 0.68 pex cent. 
Bi, 1.3 per cent. Cu, 11.92 per cent. Pb, 8.3 per cent. Zn, 0.35 per cent. 
Cd, 9.7 per cent. Fe, 6.6 per cent. S, 4.4 per cent. CaO, 27.1 per cent, 
water, 0.06 oz. Au and 6.3 oz. Ag per ton. This work was under the 
direction of H. R. Hanley. It was found that 85 to 86 per cent, of the 
bismuth, 90 to 94 per cent, of the lead, and 40 to 50 per cent, of the silver 
dissolved directly in the acidified brine. A brine-leaching section to 
the plant was never built, as the plant was later closed on account of 
the unfavorable zinc market. Sponge iron was found to be an efficient 
precipitant of the lead. Precipitation on scrap iron was complete only 
after two hours tumbling of the solution and iron in a barrel and was 
discarded as non-commercial. 

Semicommerdal Plant at Trail, B. C. 

Late in 1918, the Consolidated Mining & Smelting Co., at Trail, 
B. C., built a semicommercial test plant for treating tailing from its elec- 
trolytic-zinc plant. It was constructed near the tailing heap and also 
contiguous to the electrolytic-lead refinery so that the brine, after being 
loaded with lead, could be run to cells in the refinery and the lead recov- 
ered. About 15 tons of zinc-plant residue were treated daily and about 
$25,000 was spent in testing the process. Brine leaching, followed by 
electrolytic precipitation with cast-iron anodes weighing 500 lb. each, 
was the process tested. Wooden tanks and pipe were used and caused 
considerable trouble from leakage when the wood was shrunk by the 
warm brines. The technical aspects of the process were very satisfactory, 
as practically all the lead in the material and much of the silver could be 
dissolved; but it was determined that the process would be more eco- 
nomical smelting only when the residue contained less than 18 to 
20 per cent, lead, whereas the zinc plant residue at that time contained 
24 per cent. lead. The residue, therefore, is still being treated in the 
lead blast furnaces. 

The solid material was pulped with brine in a mechanically agitated 
tnnir (air agitation was avoided as a warm solution was desired) and 
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solution of lead and silver was effected in 45 min. With a neutral brine, 
most of the lead, but only SO per cent, of the silver, dissolved. By 
adding 1 to 2 gm. sulfuric acid per liter, the silver extraction could be 
increased to 78 per cent. For over a month, early in 1919, the plant was 
in excellent running order and made a 93.8 per cent, extraction of lead 
and 75.8 per cent, extraction of silver. The leached mixture was then 
run from the batch agitator to a 40-ft. Dorr thickener, where about 50 
sq. ft. of settling surface per ton solids per 24 hr. was found necessary. 
The overflow contained 9 to 10 gm. lead and 1 to 2 gm. sulfuric acid per 
liter. Silver was precipitated with scrap iron contained in launders and 
the resulting brine was then pumped to the electrolytic plant. The 
settled slime from the Dorr tanks was filtered in American disk filters 
without much washing, so that brine containing 150 lb. of salt was left 
in each ton of residue. 

In the electrolytic-tank room concrete cells 7 ft. 3 in. long by 2 ft. 
6 in. wide, and 5 ft. deep were utilized, leaving room below for a loose 
porous bottom through which air could be introduced to shake the sponge 
lead off the cathodes, 25 to 30 cu. ft. air per min. being blown in. Iron 
anodes and cathodes were used, spaced 1.5 in. apart and with a current 
density of 15 amp. per sq. ft. the potential drop was 1.0 to 1.5 volt. 
From 12 to 15 lb. of lead were precipitated per kilowatt-hour electric 
energy expended and iron consumption was 0.3 lb. per pound lead. Each 
cell produced 250 lb. lead per 24 hr. The sponge lead was best handled 
by briquetting and melting. The tail solution from the cells contained 
2 gm. lead per liter, and was returned to the leaching plant. 

An analysis of the solution after fourteen cycles showed 191 gm. chlo- 
rine per liter, 27 gm. iron, 62 gm. sulfur (as sulfates), 2.3 gm. lead, and 5 
gm. zinc. It was then purified by addition of milk of lime, leaving 154 
gm. chlorine, 9.6 gm. sulfate, trace iron, trace lead, and trace zinc. Con- 
crete construction seemed to be preferable to wood, as it did not shrink. 
Total costs of operation per ton, including the salt loss, were expected to 
be shghtly less than $5 on 15 per cent, lead material. 

Great Falls Experiments 

Late in 1919, the Anaconda Copper Mining Co. tested the same pro- 
cess for treating the electrol 3 rtic- 2 anc plant residue. Practically, the 
same conditions as had been used at the Salt Lake experiment station 
were adhered to. Suitable apparatus was set up in tho old electrolytic- 
copper refinery in order to have electrolytic tanks for recovery of the 
lead. The normal zdnc-plant residue contains 14 per cent, zinc, 12.3 
per cent, lead, and 25 per cent, water but the material available at the 
time contained over 40 per cent, water and seriously diluted the brine. 
Leaks and the absence of suitable filtering equipment caused the use 



OLIVER C. RALSTON 


463 


merely of settling tanks to separate the solution from the ore, followed 
by repulping with wash water; the loss of salt under these conditions 
was 318 lb. per ton. From 14 to 15 hr. of settling gave a clear 
overflow liquor. 

In all, about 7788 lb. of lead sponge was recovered, representing a 
recovery of 93.7 per cent, of the originai lead; 60 per cent, of the silver 
was soluble in neutral brine, and 90 per cent, in acidified brine. The 
sponge lead contained 25 per cent, moisture, as removed from the cells, 
and only 62 per cent. lead. It was melted without briquetting, giving 
about one half the lead as molten metal and the other h^f was drossed. 
The melted lead contained 0.83 per cent, copper, 0.02 per cent, iron, 
0.15 per cent, zinc, 26.2 oz. silver per ton, and 0.08 oz. gold. Evidently, 
briquetting of the sponge lead is essential to satisfactory melting. 

Batch agitation was practiced, a Pachuca agitator being filled with 
about 8 tons of brine containing 300 gm. sodium chloride per liter and 
then enough ore added so that 1 ton of solution was present for each 20 
lb. of lead to be dissolved, this being from 1400 to 2300 lb. of zinc-plant 
residue. Agitation was continued for 30 min. after the addition of all 
the material. The batch was then transferred to settling tanks by a sand 
pump and the clear liquor fed direct to the electrolytic cells, of which there 
were four (old copper-refining cells) placed in cascades of two each, about 
9 ft. 6 in. long, 2 ft. 3 in. wide, and 5 ft. deep with a false bottom of can- 
vas to provide agitation by air. Anodes and cathodes were iron 
plates supported by copper rods. The electrolyte flow was about 2 gal. 
per min. for each 1000 amp. and a yield of lead amoimting to 14.74 lb. 
per kw.-hr. energy was obtained while 2.5 lb. lead precipitated during 
the solution of 1 lb. iron at the anode. Experience showed it best to 
provide solution containing about 10 gm. lead per liter, which could be 
reduced easily to 2 gm. during passage through the cells. Occasional 
removal of accumulated zinc, iron, and sulfates by the addition of lime 
was advisable. 

It had been plaimed to use enough zinc dust to precipitate all copper 
and silver at the end of the leaching and then to smelt the residue in a 
reverberatory furnace for the production of copper matte. Previously, 
the residue had been shipped to the lead smelter at Tooele, Utah. The 
data on brine leaching, followed by matte smelting at Great Falls, showed 
a saving over shipping to the lead smelter at Tooele, but later the lead 
smelter at East Helena, Mont., offered such advantageous smelting 
rates, in order to get this leady material for mixing with other ores, that 
work on brine leaching was abandoned. 

The conclusion about brine leaching at Great Falls was that very few 
diflBlculties were apparent but that evaporation of wash solution for 
recovery of salt would probably be necessary; a very low cost of treatment 
was anticipated. 
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Elmore Processes 

F. E. Elmore, of Boxmoor, En^and, has been engaged in developing 
numerous brine leaching processes for removing silver and lead from 
complex sulfide ores, especially having in mind the ore of the Burma 
Corpn., small testing plants having been operated in London and at the 
mines in Burma. However, the isolated position of the Burma mines 
and the type of labor available there seem to discourage the use of 
chemical processes. Elmore’s patents give a fair idea of his various 
processes. One method proposes dissolving the lead and part of the 
silver in hot saturated brines, which have been acidified. Hot brines 
containing acid or ferric or cupric salts have also been used by many other 
investigators and have been shown to be efficient solvents of lead sulfide 
but frequently will not attack the sulfide minerals of silver efficiently 
without also attacking the zinc sulfide. 

Another of Elmore’s processes involves treatment of the mixed 
sulfide ore with concentrated sulfuric acid at about 100® C. in order to 
attack the galena and convert it into lead sulfate, which can later be 
removed with a brine, together with any silver that yields to such treat- 
ment. However, his patents give few details of results obtainable. 
Fortunately, a few tests on this method were made at the plant of the 
Butte & Superior Mi n ing Co. When treating the regular concentrate 
of the mill in a small laboratory test, material containing 55.8 per cent, 
zinc and 4.1 per cent, lead was heated for 2 hr. at 100® C. with 1.84 sp. gr. 
sulfuric acid (94 per cent.). This was then poured off, washed with 
water, and a hot saturated brine used for removing the lead. The final 
residue weighed 89.7 per cent, of the original and contained 1.85 per cent, 
lead and only 52.6 per cent. zinc. While much of the lead was removed, 
the loss of zinc was regarded as prejudicial to the process. A sample of 
middling from the mill was also tested. It contained 10,9 per cent, lead, 
27.1 per cent, zinc, 19.1 per cent, iron, and 16.6 oz. of silver per ton 
before treatment. After treatment, it had lost 22 per cent, in weight, 
contained 20.6 per cent, zinc, 1.80 per cent, lead, 23.1 per cent, iron, and 
20.6 oz. silver per ton. Again, too much of the zinc was attacked. 

The Christensen processes {loc. dt) resemble the Elmore processes 
very much except that most of Christensen’s proposals involve the use 
of sulfuric acid in varying concentrations and heating imtil the zinc 
sulfide is also converted to zinc sulfate, which is soluble in strong sulfuric 
acid and can be recovered from it. Brine leaching of the lead and silver 
from the decomposed residue is then possible. The Anaconda Copper 
Co. also carried out experiments on “fuming” mixed sulfide ore with 
sulfuric acid and found it possible to decompose it completely so that the 
zinc could be leached out separately, followed by brine leaching of the 
lead and silver; but it decided against the method on account of mechan- 
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ical and other diflSculties. If complete decomposition of the ore is 
earned out in place of the partial sulfating attempted in some of the 
foregoing processes, the. principal advantage is the possibility of prac- 
tically a complete recovery of the valuable metals while the mechanical 
and chemical difl&culties are not insurmountable and the economics of the 
method should be capable of satisfactory adjustment by careful design. 
More work along these lines, or discussion from those who have already 
carried out such tests, is desirable. 

Amalgamated Zinc (DeBavay^s) Ltd, Processes 

This Australian company has been developing what seems like one of 
the most practical of the numerous schemes proposed for removing lead 
and silver from zinc-sulfide concentrate without having to decompose 
the zinc sulfide. The ore is mixed with sufficient zinc chloride to supply 
33 per cent, excess chlorine over that necessary for combining with the 
lead, silver, arsenic, antimony, and tin in the ore and heated to 400°— 
500° C. with agitation out of contact with air, presumably in a muffie. 
Under these conditions, the zinc chloride exchanges its chlorine with the 
other metals present. Chlorides of arsenic, antimony, and tin are 
volatilized and chlorides of lead and silver are formed but remain in the 
anhydrous mass. It is then cooled and washed with acidulated water to 
remove excess zinc chloride, followed by brines to dissolve the lead and 
silver. Because of the tendency of silver to reprecipitate on zinc sulfide, 
it is necessary to use a brine containing hydrochloric acid, ferric chloride, 
or cupric chloride, preferably ferric chloride, and to give this solution a 
minimum time of contact with the ore. The silver can be removed by a 
cold brine saturated with lead chloride and containing ferric chloride 
before the lead is removed by a barren hot brine. A cold solution is used 
for this purpose in order to minimize the action between zinc-sulfide 
particles and the ferric chloride in solution. One of the patents of 
Harry Hey gives details of some of the tests made by this company. 
A series of 66 charges of ore, totaling about 9 tons of Broken Hill zinc 
concentrate, was chloridized by the above method and then treated in a 
leaching vat about 3 ft. deep with the following series of leaching solu- 
tions, applied so that they went immediately through the charge and 
did not soak: 

(1) For. each 300 lb. batch of ore, 10 gal. water with 0.013 lb. HCl per 
gal. (1.3 gm, per liter) to remove excess zinc chloride. (2) 60 gal. cold 
brine (24 per cent. NaCl) containing lead chloride and 0.03 lb. HCl per gal. 
to remove silver (as chloride). (3) 60 gal. neutral brine (24 per cent.) 
at 90° G. to remove lead (as chloride) . (4) 10 gal. of water to recover salt. 

The original ore contained 6 per cent, lead, 48 per cent, zinc, and 
7.7 oz. silver per ton. The final residue contained 0.21 per cent, lead, 
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52 per cent, zinc, and 0.7 oz. silver. This is probably one of the most 
promising and practical of the more recently designed applications of 
brine leaching of lead. It woiild depend on the ability to prepare cheap 
zinc chloride and also solutions of brine containing ferric chloride or 
hydrochloric acid in small amounts. There is reasonable possibility of 
doing both of these thinp economically. 

DISCUSSION 

F. L. Bosqui, Js., Kellogg, Ida. (written discussion).— Having 
been directly connected with the recent brine-leaching work at the 
Bunker Hill & Sullivan mine in Kellogg and, idso, having made a special 
study of the literature of this subject, the writer finds this paper of great 
interest. On account of the author’s position in the Bureau of Mines, 
which has initiated such valuable research work on the hydrometallurgy 
of lead, his description of the basic principles involved, and of the large- 
scale operations developed on these principles, is most instructive. 
But we are surprised by his statement that “& number of commercial 
plants are in operation” and wish that he had given more information 
about these. 

Apart from the new plant at Kellogg, there is at the present time, so 
far as we know, only one commercial brine-leaching plant in operation: 
that of the Tintic Standard Mining Co., in Utah. As the author has 
pointed out, however, the recovery of lead in this case is quite incidental 
to the main operation, which, in the last analysis, appears to be a rejuve- 
nation of the old Augustine process. In fact, we are told that only “that 
portion of the lead which happens to dissolve is recovered,” and that 
the product, carrying a considerable proportion of iron and other impuri- 
ties, requires smelter treatment. The process can, therefore, hardly be 
considered one of true hydrometallurgy. 

It is true that the subject of lead leaching has been carefully investi- 
gated, and several test plants have been erected mid operated by some of 
the large mining companies; but it is also true that in every case the work 
was abandoned and tbe plants dismantled. Obviously, the degree of 
successful commercial operation attained is a question of real importance. 
The facts seem to indicate some inherent weakness in the methods used; 
they tdso show that the hydrometallmgy of lead has not become generally 
accepted as a practical process. The author would appear, to convey 
the opposite impression, and to minimize the serious obstacles that this 
method of treatment has encountered, presenting problems, some of 
which, one might venture to say, remained unsolved in spite of a great 
amotmt of experimental work. Perhaps the most serious of these, from 
an economic standpoint, has been the extraction of the silver. On 
account of the widespread occurrence of the so-caUed silver-lead, and 
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“complex,” ores, the sflver recovery becomes a particularly important 
factor if the method would compete with smelting practice. 

The use of acidified brine, on which so much reliance has been placed 
in connection with silver extraction, is, in the case of msiny ores, quite 
ineffective. We have in mind especially certain zinc-plant residues where 
acidified brine yielded only 5 per cent, of the silver. After chloridizing, 
an extraction of 86 per cent, may be obtained on some ores, but in the 
case of those that are oxidized, the silver extractions possible by this 
method are often less than 60 per cent. 

Only recently has the importance of a strongly oxidizing, rather 
than an acid, solution been recognized; but, because of the methods of 
precipitation employed, it has hitherto ^en impossible to take advantage 
of such a solution in cyclic operation. 

The precipitation of the lead has involved the use of iron, either as a 
direct precipitant or in the form of soluble anodes (disr^arding chemical 
precipitation, which has never been used on a large scale). That the cost 
of this iron is a considerable item may be judged from the fact that its 
consumption is chemically equivalent to the amount of lead precipitated. 
The resulting accumulation of iron in solution must be got rid of, and the 
only method so far proposed involves its precipitation in the pulp in 
the form of a hydrate. This is a substance that is difficult to settle 
and filter in dense solutions. When it is recEJled that the volumes of 
solution to be handled are very large (1 ton of lead requires at least 100 
tons of solution) it can be readily understood how serious are the leaching 
problems connected with this operation. Furthermore, the iron is 
introduced into circuit in the ferrous state, and the ore is leached with a 
solution that is essentially reduced — a condition that is most unfavorable 
to the recovery of silver, as was pointed out above. 

The soluble anode cell thus inevitably involves the iron difficulty. 
In addition, it is difficult to prevent the formation of light, spongy lead. 
This porous, floating material is notoriously difficult to wash, briquette, 
and melt. In fact, it was largely on account of the unpromising nature 
of this problem that the Bunker Hill & Sullivan Mining Co. abandoned, 
in 1917, the work it was carrying out in conjunction with the Salt Lake 
City Station of the Bureau of Mines. In attempts to use the insoluble 
anode cell, the problems of effective diaphragms and satisfactory chlorine 
disposal were not solved; also, on account of the low concentration of lead 
in solution, the low current efficiencies obtained discouraged the work in 
this direction. 

These hydrometallurgical problems have been attacked afresh, how- 
ever, by the Bunker Hill & Sullivan Mining Co., and the methods devd- 
oped by U. C. Tainton give promise of eliminating the major difficulties. 
It is too early, however, to make any definite statements on the subject. 
Indeed, the information about t^ work contained in this paper 
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is a surprise to us, especially as the account, both in regard to the 
development of the process and its actual operation, is incorrect in 
several particulars. 

It must not be supposed that it has been our purpose to belittle the 
real value of the extensive experimental work carried out in the field of 
lead leaching; nor do we take a pessimistic view of futture developments, 
for we look forward to the widespread adoption of this form of treatment. 
The point we would stress is that the proposed methods, such as the 
author has described, did not culminate in commercially successful 
plants, and we have indicated some of the serious difficulties encountered. 

It would seem, also, that a distinction should be drawn between the 
methods of treatment advanced. Those cases where the product requires 
actual smelting before it is obtained in a marketable form should be 
regarded as concentrating, rather than recovery, processes; and the costs 
in such cases should properly be compared with milling costs alone. The 
operations of the Tintic Standard Mining Co. are of this nature; and in 
regard to this one successful undertaking, it may be mentioned that the 
Salt Lake locality offers special advantages, such as the cheapness of 
salt and the dose proximity to competitive smelters, which have per- 
mitted the sidestepping of many of the difficulties which would have to be 
overcome elsewhere. 

Geobqe D. Van Absdalb, Los Angeles, Calif, (written discussion). — 
In the portion of the paper referring to the lead leaching and precipitation 
process of F. N. Fl 3 nQn and myself there are one or two errors and state- 
ments possibly open to misunderstanding. It is of course difficult in such 
a complete paper to avoid occasional slips in detail, and the corrections to 
be made have been sent to the author and acknowledged as valid. They 
are brought into this discussion merely as a matter of record. 

Beference is made, on page 460, to the process of F. N. Flynn; we are 
both equally concerned in the method. Mr. Flynn, several years 
ago, brought to my attention the difficulty he had experienced in 
treating products carrying lead sulfate. It occurred to me that some 
of the principles being applied in modem copper leaching could be 
applied also to the brine leaching of lead, and we together devised the 
method on which U. S. Fat. 1448923 was granted. Certain proposed 
applications of the method were described by Mr. Flynn in the article 
referred to in the paper. 

The statement that we propose to use a diaphragm cell is not true. 
Calcium sulfite or lime are to be used only when ores being treated carry 
soluble iron in sufficient amormts to accumulate. When this is not the 
case, or when the ores carry sufficient lead in the form, of sulfide, a ferric- 
iron balance can be maintained without the use of this reducing reagent. 
When the materials being treated carry considerable amounts of lead as 
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sulfate, free acid will accumulate if the ores do not cany enou^ lime to 
neutralize this, in which case the addition of lime to neutralize and precipi- 
tate such excess acid as calcium sulfate becomes necessary. The lead 
sulfate or ore is not treated with a brine canying ferrous chloride but 
with one carrymg ferric chloride, where useful solvent effect can be had 
from this ferric salt, which of course results from the electrolysis of the 
solutions canying ferrous iron. Obviously, therefore, such ferric chloride 
may be utilized for its solvent action both on lead sulfide and such silver 
compounds as are acted on by it. It is, I believe, not correct to say that 
the process will probably be of little value for silver-bearing materials, 
except where the silver had already been converted into brine-soluble 
form. Naturally no general statement can be made as to action on all 
silver compounds, but I have proved that our solutions act efficiently to 
remove the silver from the lead ores I have tested so far. Judging from 
experience in other lines of electrolysis, I do not expect any difficulty in 
making ferric iron electrolyticaUy in sufficient concentration to act as an 
active solvent, and at the same time not reduce the cathode efficiency 
below a commercial figure. Methods of doii^ this, and of controlling 
the balance of ferric and total iron, wiU naturally vary to a considerable 
extent with the conditions imposed with the ore, etc. being treated. 
These are importaht details on which a considerable amoimt of work 
has been done, but hardly necesssuy to describe here. 

It appears to be certain, as stated in the paper, that a definite field of 
usefulness has developed for the brine-leaching treatment of lead ores 
and other products. Precisely as with copper leaching, dissolving is a 
comparatively simple matter, and it is only when we come to methods of 
separating the products and regenerating our solvents that we encounter 
much difficulty. We can look for more rapid progress in the develop- 
ment of lead hydrometallurgy than has been the case with that of copper, 
for we have developed more or less standard apparatus, which was not 
the case in the early days of copper leaching. There is a certain amount 
of parallelism in the two problems in that chemical and electrolytic 
methods are available for both. What we can call chemical methods, 
including iron precipitation, have certain advantages, but they will not 
survive in competition with electrolytic methods for either copper or 
lead. Precipitation of copper by iron, generally speaking, costs more than 
electrolysis, and I think that the same thing will prove true with lead, par- 
ticularly as heating seems to be required for iron precipitation of lead, 
except when sponge iron is used. The economical making and use of 
sponge iron depends, to a considerable extent, on cheap fuel and source of 
the raw material for making it, while with eleetrolyas, cheap power only 
is required. 

The electrolytic method of lead predpitation devdoped by the Bureau 
of A/Tinca, involving the use of soluble iron anodes, has the considerable 
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advantage of a low voltage and large 3n[elds of lead per kilowatt-hour at 
comparatively high current densities and consequent low tank-room cost. 
However, the iron consumed in the form of the sheet used as anodes, 
which will be quite expensive, must be charged against this, together 
with the scrap from partly consumed anodes. As low voltages can be had 
also with an insoluble anode (graphite) under proper conditions of depolar- 
ization, this method has also the advantage of quite a satisfactory yield 
of lead, in pounds per kilowatt-hour. The production of lead in the form 
of sponge seems to be a disadvantage that is common to all the electro- 
lytic methods so far proposed as well as to iron precipitation. It is to be 
hoped that further research will develop a method of electrolytically 
depositing reguline lead from these solutions. 

A method for direct leaching of lead ores carrying part or all of their 
metal content as sulfide, without roasting either by a sulfating or chlorid- 
izing roast would eliminate this operation which, in some cases, will 
amount to a considerable charge. A considerable amount of work has 
been done on leaching direct without roasting some forms of copper 
sulfides, and it is perhaps not too much to hope that research may develop 
a method by which the same may be done for lead. 
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Present Trend in Treatment of Complex Ores* 

By G. L. OLDsiGHTjt Salt LAgia City, Utah 

Nbablt all of the present schemes for treating complex (i, e, lead- 
silver-zinc-copper) ores are based on the idea that lead holds, and will 
hold for some time, the strongest economic place from the viewpoint 
of supply and demand of aU the non-ferrous metals. Copper, it is 
thought, will come back to its own when European affairs are stabilized, 
although at that time competition from Chile, Peru, and Katanga, in 
particular, will be more severe than in pre-war days. The future for 
silver and for zinc is uncertaia. New uses are developing for zinc, 
and the market has remained better than many expected, but the 
stabilization of world markets will bring in foreign competition instead 
of relief. 

The cost of producing zinc from simple zinc ores, by the retort process, 
will, from the nature of the labor required and the increasing cost of 
fuel, increase steadily. As a result, the small producers of purely zinc 
ores around Joplin are shutting down their mines, even with a good 
market price for zinc; on the other hand, the producer of lead from 
complex ores, in the Rocky Moimtain states, is confident of a profit 
from the sale of his lead, and is seekmg means to make the zinc in Ms ore 
pay some part of the cost of treatment. However, the tonnage costs 
for mining and ore dressing are much higher in the Rocky Mountain 
states, as may be seen by comparing tax-return statements from the 
various states. Even before the recent drop in the price of silver, 
many mines were operating on a very slender margin of profit ; labor and 
supplies cost more. Mining at greater depth has shown most orebodies 
to grow increasm^y more complex, so that improvements in mining and 
ore-dressing practice have not been sufficient to compensate for the addi- 
tional expense involved in beneficiating these ores. The smelters have 
had to meet the same general economic situation, so they can only give 


* By pennission of Director of Bureau of Mines, 
t Hydrometallurgist, intermountain Experiment Station. 
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STndtingslag Constititents 

The next major operation in the treatment of the ore is smelting in 
the blast furnace. Here again the treatment, freight charges, and 
penalties for impurities are on a tonnage basis, emphasizing the 
importance of concentration. There are two materials, besides sulfur 
and speiss, for which penalties are exacted — silica and zinc. 

Silica 

The desirability of silica as a constituent of the ore depends largely 
on the location of the smelter and the nature of the majority of the ores in 
the mines that supply it. At present, the average lead smelter has an 
excess of silica and is deficient in bases, such as iron and lime, which 
combine with the silica to form the slag; hence the bases are at a premium 
and the silica is at a discount. 

With the increasing practice of concentration by flotation, as the 
mines go to greater depth, and the ores become more complex and 
less oxidized, the roles of sOica versus bases may become reversed, in 
which case silica will be paid for. At present, however, the oxidized 
ores (which as a rule suffer large losses in valuable minerals by gravity 
concentration) are heavily penalized for their silica content. The 
problem of “excess silica” is, then, largely one of trying to remove the 
silica by concentration in such a way that the losses in metal values will 
not overbalance the benefit gained. 

FlotaMon of Oxidized Ores 

The technique of the treatment of oxidized ores by flotation is not 
yet well worked out. The present developments appear to favor the 
use of an alkaline circuit, and as yet no schemes have been devised that 
have dispensed with the use of sulfidizing agents (such as sulfur, hydrogen 
sulfide, sodium sulfide, calcium sulfide, and poly-sulfides) to form a 
sulfide film around the oxidized particle to be floated. For instance, 
one company floating a partly oxidized copper ore has found it effective 
to use 0.2 lb. soda ash, 2 lb. sodium sulfide, Ih. Barrett No. 4 oil, 
with a little soda resin solution (3 parts of resin boiled in a solution con- 
taining 1 part of caustic soda) per ton of ore. On another ore, a solution 
of equal parts of caustic soda, sulfur, and soda ash with a little Genasco 
or Barrett No. 4 oil, was found to give good results. For some oxi- 
dized lead ores, a mixture of paraffin and sodium sulfide ground in a 
mfll with a little oil, like Genasco 250, has been used effectively. Fatty 
organic acids have been tried. Like the rest of the field covered by flota- 
tion, important developments are looked for which would be greatly 
accelerated if a more comprehensive theory covering the subject could 
be formulated. 
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Treatment op Complex Semi-oxidized Ores Too Low-grade to 

BE Smelted 

From a glance at the treatment cost sheet, it is evident that a highly 
siliceous, low-grade, oxidized lead ore that cannot be successfully concen- 
trated cannot be sold to the smelter on advantageous terms. In fact, 
some smelters will not pay for any of the lead if it is imder 4.5 or 5.5 
per cent. In order to meet the demands exacted by smelters for this type 
of ore, some modifications have been made to the Holt-Dem (or Elnight- 
Christensen) brine leaching process, ® which make it possible to extract 
the lead as well as the silver and copper. 

Brine Leaching 

Briefiy, in this process the low-grade, semi-oxidized ore that contains, 
in order of value, minerals of silver, lead, zinc, and copper, is treated as 
follows: The ore is crushed to about 75 per cent, through 20 mesh, and 
there are added about 3 per cent, coal (varying with the amount of 
sulfur, which preferably should be present) 7 per cent, salt, and (as in 
Dwight-Lloyd practice) enough moisture so that the product will cake 
when pressed in the hand. The Holt-Dem furnace, in which the ore 
is roasted, is an updraft blast roaster with a rockmg-grate bottom which 
enables the calcines to be readily discharged. It handles about 20 tons 
of ore per day, gives a sandy, crumbly product, and is operated so that 
a temperature of 700® or 800® C. is maintained in the center of the charge. 

After roasting, the ore is leached with a series of nearly saturated brine 
solutions, some of which are faintly acidulated by showering through the 
roaster gas in the flue. The total cycle takes five days. From the first 
solution off (the pregnant solution), the silver dissolved is precipitated 
on copper, the copper on coarse scrap iron, and the lead, from hot solution, 
on light detinned scrap iron, or, from cold solution, on sponge iron. The 
zinc at present is lost. (It may be precipitated by milk of lime, but too 
many other bases are precipitated with it.) From present developments, 
it would appear that this process extracts from 80 to 90 per cent of the lead, 
silver, and copper, each obtained as a separate fairly pure bullion. The 
process is most successfully operated at the plant of the Tintic Standard 
Co. at Harold, Utah. 

Direct VolaUlizaUon 

The volatilization process has been devised® for a similar type of 
ore, which contains Hme as well as silica. The Chief Consolidated 
Co. is soon to erect a volatilization plant at Eureka, Utah. Judging from 

*T. P. Holt: Chloridiziiig Leaching at Park City. Trans. (1914) 49 , 183; 
Innovations in the Metalluigy of Lead. IT. S. Bureau of Mines BvU. 157. 

* Bureau of Mines BuXL 21L 
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present tests, it will recover the lead nearly completely, about 90 per cent, 
of the silver, but will leave the small amount of copper and zinc in 
the tailing. The ore will be treated by volatilization in a kiln, similar 
to those used for clinking cement, and the volatilized product caught 
in bags and shipped as a concentrate to the smelter. 

Present Payment Made by the Smelters for Metals in Complex Ores 

Before going into the processes recently developed for the elimination 
of zinc, which is the most heavily penalized impurity, it may be well 
to note a few of the credit items on the cost sheets, and to see how the 
pa 3 rments made by the smelter fit in with other metallurgical processes. 

It should be frankly stated that many of the deductions made by the 
smelter from the market price of the metals, or from their content in 
the ore, do not represent metallurgical losses, but allow the smelter some 
leeway on fixing a “treatment charge.” If the smelters paid for all the 
metals they extracted the treatment charge plus their profit would lie 
between $10 and $14. The shipper is accustomed through long experi- 
ence to accept a nominal treatment charge, so the smelter gives it to him 
and withholds a corresponding value from the metals he actually 
recovers. Also, the smelter may take ores from a low-grade ore district 
at “under” cost, and have a clause in the contracts on high-grade ores 
that permits an “absorption of X per cent, over $7 per ton” to make up 
for the loss. 

The following sound deductions, however, may be made: The sub- 
tracting of, say, c. from the market price of copper, or 1.65 c. from 
the market price of lead is made to cover a “freight and refining” charge 
to take the metal east and to refine it. As the markets are mostly in 
the East, the freight charge is not objectionable; but if a small operator, 
capable of producing a fairly pure bullion containing only a slight amount 
of precious metals, desires to avoid the refining charge he should attempt 
to develop a local market for his product and not sell it to the smelter. 
(A large producer in the West would have considerable difficulty in dis- 
posing of his product in a local market.) A fiat deduction, of course, makes 
a much higher percentage deduction on a low-grade than on a high-grade 
ore. As charges are also made, on a tonnage basis, for sampling, tinload- 
ing, treatment, freight, and impurities, the mine operator must con- 
centrate his ore. (The amount of raw ore of poor grade still being smelted 
directly justifies the emphasis placed on this step.) 

As a whole, the lead and precious metals are fairly well paid for, 
is penalized heavily, and a substantial deduction is made from the market 
price of copper. From these prices alone, t^en into consideration with 
the fact that the smelters are bidding for ores in competition with each 
oth^, it is evident that lead and silver go with each other naturally, 
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that copper may be separated from the lead, but at considerable extra 
expense, while the zinc which is slagged off is not only lost, but involves 
an extra cost. According to the old dictum, “Zinc is what makes a 
complex ore complex.” 

From the smelter’s standpoint, the presence of copper in a lead ore 
necessitates (roughly) the production of a matte in the blast furnace 
and an extra converting operation to remove any lead that enters the 
matte.* More zinc necessitates: (1) Forming a type of slag that re- 
quires a larger quantity of expensive iron flux; (2) in a siliceous district, 
more slag per ton of marginal ore; (3) more metal losses on account of 
more slag; (4) increased losses of copper, lead, and silver per ton of slag; 
and (5) because of the nature of the slag, furnace campaigns are shortened 
and troubles are increased. 

As to the future savings that the smelter itself may make, the instal- 
ling of more and better dust- and fume-collecting apparatus will undoubt- 
edly save much of the metal loss in the smelter gases. Considering slag 
losses in general, where the losses are the result of chemical combina- 
tions, they may be prevented by causing the metal in question to assume 
some other chemical combination (e. g. the losses in copper when “black 
copper” was produced in blast furnaces, were afterwards prevented by 
making a matte). There seems to be an irreducible minimum amount 
of the metal in the slag, however, that is in solution or is retained 
mechanically. (It is said that the larger portion of lead lost in the blast- 
furnace slag escapes as lead silicate.) 

Tt would seem logical that, m order to procure a larger immediate 
net return, it would be better to remove most of the valuable metals 
from a low-grade ore by concentration, and to leave the remainder in a 
carefully arranged tailing pile for future treatment, rather than to leave 
a greater total amount of the metals in the more difEicultly treatable 
smelter slags. 

Removal of Zinc 

The various lead-zinc-copper (the latter usually is present in smallest 
amount) mineral products made from ores may be conveniently divided, 
according to the amount of zinc they contain, into three classes: a high- 
grade zinc concentrate containing a small amount of lead (say from 3 
to 10 per cent.) ; a zinc-iron-lead middling product containing the three 
metals in approximately equal amounts; and a high-grade lead product 
containing from 3 to 14 per cent. zinc. These three products usually, 
but not always, are obtained by concentration. 

♦O. M. Euebs: Lead-matte Convertiiig at Tooel& Trans. (1914) 49 , 679- 
684. 
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With the present costs, hydro-electrolytic processes for treating lead 
ores, such as leaching followed by electrolytic or chemical precipitation, 
do not compete with the smelter on the handling of high-grade lead 
products. For this reason, most of the hydrometaUurgical processes 
have been developed for the treatment of the other two products men- 
tioned — ^the high-grade zinc concentrate containing a little lead and the mid- 
dling product containing zinc, iron, and lead. The retort and electrolytic 
plants are in competition for the zinc concentrate. It cannot be said 
that any satisfactory commercial process exists at present for the middling 
product, which is increasing rapidly in amount as the mines go deeper. 
Although in some mills this product is formed during flotation, a great 
effort is being made to eliminate it altogether and to make of it both a 
zinc and a lead concentrate. 


Flotation 

Another characteristic that makes an ore complex is the intimate 
association of the minerals, so that concentration by gravity does not 
separate them — it is thought that some of the minerals that cannot be 
concentrated are chemically combined. 

Anticipating the expiration of the principal flotation patent, there 
has been a rush to get patents on specific reagents that act preferentially, 
or differentially, on the various minerals. Enough success has been 
obtained for the more optimistic of the flotation men to believe that they 
will soon be able to separate almost any complex of minerals. For 
instance, although Dana describes marmatite as a zinc-sulfide mineral 
containing from a few tenths to 18 per cent, iron, some flotation men 
think that much of it may be only an extremely intimate admixture of 
blende, pyrite, and (possibly) chalcopyrite. Without varying the amount 
of oil added to the feed to a seri^ of flotation machines, but by simply 
adding sulfuric acid at the head ends of some of the successive boxes, 
a decided preferential action may take place, and successive products 
floated that consist, for the larger part, of some one mineral. At present, 
the alkaline circuit is being favored. J. M. Callow’s organization has 
developed a series of soluble products from coal tars, such as “x cake” 
“x.y.z. mixture,” and thiocarbanolid. A few tenths of a poimd of these 
materials are used with a little pine, or other oil. Some remarkable 
results have been obtained with their use in dropping pyrite during 
flotation of chalcopyrite and other sulfides. Many metallic sulfates 
and other chemicals have been tried. Sheridan has found sodium 
cyanide to be one of the best “sinkers” for pyrite that we have. The 
Minerals Separation Co. has developed a ^‘xanthate” that is doing 
excellent work, (The field is too large to be more than mentioned here.) 



G. L. OLDKEGHT 


479 


Although differential flotation has not giyen (as a rule) good overall 
recoveries for each separate mineral in very complex ores, the work so 
far has given results that are full of promise, and from the viewpoint 
of immediate realization of profits, a great deal has been accomplished. 

Treatment of Zinc Concentrates 

The two principal types of plants treating zinc concentrates (retort 
and electrolytic) are too well known to require description. As an esti- 
mate of their future, the following points will be noted showing the lines 
along which developments for the treatment of complex ores may 
take place. 

Retort Plants 

Many improvements have been suggested on the technical features 
of retorting, and work has been done on handling sulfide ores without 
preroasting. The retort residues containing the unvolatilized metals 
(with the exception of the zinc) are largely paid at the present time. 

The retort itself, although it has a fairly low first cost, is inherently 
of small capacity and is not weU adapted for handling low-grade or 
complex ores. It requires the labor of strong, hard-working, skillful 
men — it is becoming increasingly difficult to obtain men of this caliber 
without paying very high wages. The cost of fuel (e. g. natural gas and 
coal) is rising steadily. The cost of frei^t haulage from the complex- 
ore districts to the retort plants, and of the retort residues from the 
retort plants back to the lead smelters, is high. It is not thought likely, 
then, that the retort plant will be of any great service in the future to the 
complex ore field. 

ElecbrolyUo-zinc Plants 

The dectroljrtic plant may be operated very well with the type of 
labor available at present, although expert technical supervision is essen- 
tial. From the experience at Trail, B. C., as compared to that at Great 
Falls, Mont., the admission of a large amount of middling products 
to the feed will not be looked on with much favor. The recovery is 
natmrally lower with a feed containing a lower amount of zinc, as the 
iron minerals when present in too large amounts cause the formation of 
insoluble zinc “ferrites," and high percentages of lead cause fritting in 
roasting and an excessive amount of wear on the rabble teeth. (The 
Trail plant is now® trying to put its feed into the zinc-concentrate class 
by the use of selective flotation.) The electrolytic plant has an advan- 
tage over the zinc-retort plant in the recovery of the metals after the bulk 
of the zinc has been removed, and in the relative ease with which the 
residues may be handled throughout the process. Although the residue 

* Eng. (fc mn. Jnl.-Pr. (Sept. 15, 1923} 116, 453. 
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is somewhat high m zinc after sintering, it is not a bad feed for the lead 
blast furnace. 

As for diluents of the zinc content of concentrates that would not 
affect its solubility chemically, there would seem little reason why a 
zinc electrolytic plant could not treat a lower grade feed. It has been 
shown* that as high as 70 per cent, oxidized ores may be successfully 
treated by leaching by mixing it with. 30 per cent, of sulfide concentrates. 
The soluble silica may be taken care of, and the process made self support- 
ing in acid with some modifications. 

An electrolytic plant requires good transportation facilities, cheap 
power, an ore charge that in the treatment will be self-sustaining in 
acid, and a neighboring orebody that is large enough to “stand” the 
high first cost of the plant. (The freight on a 40 per cent, zinc product 
from Salt T-nlka City to Joplin is about 1 c. per lb. of zinc.) It is evident 
that the electrolytic-zinc plant, by strengthening its position behind 
that of lead, is in a strong place today. The statement has been made^ 
that the costs of treatment have been made remarkably low. The purity 
of the zinc will make it in great demand. 

It is difficult, however, to meet all the requirements just noted, 
especially the treatment-plant sites near the complex-ore fields, where 
power is available at, say, $25 per horsepower year. Such combinations 
of suitable conditions are not many. The present freight rates limit 
the radius within which a zinc plant may draw its ores, and profitably 
dispose of its lead residues. The large zinc plant needed for economical 
operation may exhaust the local ore supply rapidly, or be at intervals 
crippled by accidental delays in ore delivery. Seemingly, the extension 
of electrol 3 rtic-zmc plants in the Eocky Mountain region is tied up with 
the development of power sites along the Colorado Eiver or in Idaho, 
or in the use of “off peak” power, or in steam-power plants in some few 
localities where fuel is cheap. 

The principal losses of the electrolsrtic-zine plant are, in order of 
amount: insoluble zinc left in the residue, mechanical dusting losses 
during roasting, loss in the cadmium cake, soluble loss in the residue, 
and the dressing loss in casting. Only the developments that have 
been made fctr redudng the first named, and greatest, loss will be con- 
sidered in the discussion of the sulfating process (p. 484). 

Byproducts — Zinc Chloride, etc. 

The production of zinc chloride from oxidized zinc materials by the 
use of gaseous chlorine has been noted* in the technical press. The 
Great Western Chemical Co. at Pittsburgh, Califomia, is now Tnalring 

* Univeisity of Utah Researdt BvR. (1922-23). 

T Zinc Inst. BiH., quoting Frederick Laist. 

» C. G. Maier: Eng. A Min. JnL-Pr. (Jan. 13, 1923) IIB, 61. 
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zinc chloride from roasted complex ores, and hydrochloric acid made from 
byproduct chlorine. Although there is not much information at hand, 
the company appears to be successful and the operation will be limited 
more by market demands than by any other factor. Should the market 
develop rapidly for zinc sulfate (for lithopone), or other zinc compounds, 
the plants using chemical methods for extracting zinc from ores should 
be able to make them to supply the demand. 

Processes for Oxidized Basic Ores 

Ammonia is the most promising of all the alkaline reagents that have 
been suggested for use with oxidized basic ores, and the work of Brether- 
ton* shows that very good results have been obtained. As yet, no 
commercial plants have been erected; there appear to be technical 
difficulties that must be solved before ammonia will play the same role 
for zinc that it does for copper. 

The Wetherill Grate 

For oxidized zinc ores containing very little lead, the Wetherill 
grate may be employed for the production of zinc oxide. The market 
for this product is good, the first cost of the plant is not large, and the 
type of plant lends itself well to operation in small units. Although 
mixtures of bitunainous coal and coke have been used, anthracite is 
regarded as the best fuel, but this is not available in many localities. The 
many physical as well as chemical tests that the marketable product 
must pass render competent technical supervision imperative. 

As an outlet for the complex ores, it is found that the market may be 
easily oversupplied, when the mixed lead-zinc oxide (much of the lead 
is usually present as the sulfate) field is entered. A study of '"Mineral 
Resources of the United States’’ will show that although the consump- 
tion of lead-zinc oxides in pigments is increasing, the bulk of the zinc is 
still disposed of in the metallic form. 

From the foregoing, then, it would seem that the Wetherill grate 
process will occupy an important, but limited field as far as the complex 
ores are concerned. 

Removal of Small Amoxtnts of Lead fbom Zinc Conossnoibatbs 
Chloride Processes 

Many schemes have been advanced whereby the separation of lead 
from zinc in complex minerals might be made by removing the lead instead 
of the zinc. This reversal of what might be thought the normal method 


• Treatment of Compleoc Ores by the Ammonia Carbon Dioxide Process. Trans, 
( 1914 ) 46 , 802 . 
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is done in order to produce zinc concentrates which are easier to treat, 
to remove a larger part of the lead (and silver) than would be paid 
for in the zinc-retort residue, to prepare a zinc concentrate for maldng 
a lead-free zinc oxide, or to save freight. Many of these processes 
have been tried on lead-zinc middling products, which would appear to be 
a more normal field. Most of these processes make use of the fact that 
oxidized-lead compounds are soluble in saturated brine solutions. (In 
order to make some compounds soluble, it is necessary to add an acid 
to the brine.) If these compounds are not already oxidized, the ores 
are roasted, as in the Holt-Dem process. If it be desired to treat the raw 
ore directly, an oxidizing agent (the “ic” salt of a multivalent metal, 
gaseous chlorine, etc.) is added. Thus Hannay recommends ferric 
chloride; ferric sulfate has been tried; gaseous chloride is found to be a 
powerful oxidizer; and the staff of the Tintic Standard Co. has found the 
addition of cupric sulfate to the brine solutions to be particularly effective 
in obtaining a good recovery of the silver. (The use of copper sulfate 
in the old Russell process is still well remembered.) 

Ganelin^'’ found that if complex ore from Broken Hill, Australia were 
heated to about 400° C. in a non-oxidizing atmosphere with zinc chloride, 
the reaction ZnCli -b PbS = ZnS + PbCl* proceeded almost quanti- 
tatively, and the silver could be likewise made soluble. The lead and 
silver chlorides were dissolved in warm brine solution, and precipitated 
as cement metal by metallic zinc, reforming zinc chloride, which could be 
reused for treating more ore. N. C. Christensen found the addition of 
concentrated acid to be effective for some ores tested. 

Some of the chloride processes are being vigorously pushed at present, 
and others are used in commercud operation. Their technical success 
is largely contingent on the system of precipitation used. Although the 
electrolytic precipitation of metals from chloride solution has been car- 
ried on for many years, practical operating difficulties have caused the 
users of chloride electrolytes to change to sulfate, whenever possible. 
Where the foregoing processes leave the blende and P3uite together 
unaltered and the galena is removed, there is a chance to make a good 
zinc concentrate by some of the recent flotation methods. The economic 
factors and the types of ores on which chloride processes have the most 
opportunity for success have already been noted. 

VcHatUizaMon as Chlorides 

The relatively small amount of lead usually present in a mnc-sulfide 
concentrate may be volatilized by heating the charge to about 900° O. 
Without the addition of salt, lead oxide volatilizes; but the addition of 
salt insures the more complete removal of the le^ as chloride. The 
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degree to which an ore is infusible determines the applicability of this 
process. The ordinary zinc-sulfide concentrate contains but few fusible 
substances except lead oxide, lead silicate, and pyrite and these are all 
present in small amoimts. The main field of application of volatilization 
is the same as that of the other chloride processes mentioned. It has 
been tried on a semicommercial scale in two plants, but neither of these is 
operating continuously. 

Tebatment op Lead-zinc Middling Pbodttcts 

Very often good zinc and fairly clean lead products have been made 
by concentrating, and all the intimately associated minerals that could not 
be separated have been sent into one product, called the middling product. 
(The writer has included natural ores of the same nature and approxi- 
mate composition under the same head.) For years, products of this 
type have offered to the metallurgist one of his most baffling problems. 
Some of the leaching schemes used have already been noted. 

Concentration after Roasting 

After roasting, the properties of some minerals are changed so that 
concentrating devices will give much more favorable results. Horwood 
tried to “flash roast the lead” at low temperature (e. g. cover the galena 
with a thin film of lead sulfate) and to subsequently float the unaltered 
blende. The process was not a commercial success, largely because of 
difficulties in regulating the roasting conditions; idso, but little was known 
at that t^e about flotation. The present methods are mostly based 
on the idea that the iron minerals unite those of lead and zinc, and 
that if the nature of the iron mineral be altered, the lead and zinc 
minerals will adhere to each other much less closely. Thus, if a complex 
ore is roasted in a Wedge furnace in the regular manner, except that the 
capacity of the furnace is increased beyond the normal so that the diffi- 
cultly oxidizable blende will be but little altered, yet much of the pyrite 
oxidized, often on subsequent tabling much of the galena may be separ- 
ated as a high-^ade product. The difficulty of igniting the blende gives 
an opportunity to oxidize most of the pyrite and to sulfatize the galena 
before the blende is altered. If this may be done by establishing furnace 
conditions that can be readily controlled in commercial operation, a simple 
practical process would be had, as the unaltered blende could be removed 
by flotation and the products in the residue would be in a marketable form. 

By roasting at low temperature, it has been found possible to magnetize 
the iron minerals so that they might be removed by electromagnets, or 
to give the blende and galena such properties that they might be separated 
electrostatically. As with the Horwood process, the chief difficulty has 
been with the control of the furnace operation. Flotation to date has 
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“won out” over these other partly mechanical methods, although it 
has given poor overall recoveries for each of the various metals. 

Mixed Leadline Oxides 

The Eiver Smelting Co. has a novel plant at Florence, Colo. The 
complex ore is roasted and smelted in a reverberatory furnace of the 
modem type (side char^g, and coal-dust firing). Three products are 
made: Matte, carrying the copper and noble metals; fume containing 
the lead and zinc; and slag, which is composed of the gangue portions 
of the ore. The matte is sold as such to the smelters. The fume is 
caught in a baghouse and subsequently treated on Wetherill grates, 
recaught, and sold as mixed lead-zinc oxides for pigments. This same 
general scheme may be utilized with a blast furnace, in place of the rever- 
beratory, by running the former furnace with a hot top. The principal 
economic difficulty that lies in the operation of a plant of this nature is 
in the disposal of its lead-zinc oxide, as the market is limited. 

The Snooting Process^^ 

It has been noted that the middling product is not a good feed for 
the electrolytic plants, although doubtless they could work small amoimts 
along with their regular feed. The operators of the sulfating process 
have found it possible to sulfatize (make water-soluble) a high percentage 
of the zinc minerals present, even when feeding ores of the middling type 
into their furnace. This sulfating has been done in a downdraft furnace, 
uedng higher hearth temperatures, higher SOs concentration in the gas 
than is ordinary, and having iron and copper oxides present at such 
stages that the reaction 2SOj -h Os-> 2S08 would be catalyzed. Enough 
zinc oxide may be left in the residue to precipitate most of the copper 
that is made soluble on leaching with water. Ezeept that it contains 
little colloidal matter, the residue is not greatly different from the present 
zino-plant residue, and may be smelted in the same way. 

liiere are but few data for publication on the process, but the “break- 
ing up of ferrites” by SOj (see also the Trail patents and the Great 
Falls idea of reroasting the calcine with sulfuric acid) offers a suggestion 
for iie improvement of present practice. If a part of the zinc is to be 
sold as dectrolytic zinc, there will be sulfuric acid to dispose of. Ferti- 
lizers and zinc byproducts surest themselves as possible products for 
the zinc plant of the future. 

CoNGXiTTSIOITS 

The present trend in the treatment of complex ores in the Rocky 
Mountain region is to combine concentration, and pyro- 

metaUurgical methods; to separate the metals at such stipes and to use 
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for each metal the process that economic conditions have shown to be 
most feasible. The objection will be made that all stage processes 
obtain for the ultimate recovery of a metal a figure that is the product of a 
series of recoveries. 

Seemingly, if all the metals were carried into solution from the original 
ore and then followed by a chemical separation like that in the laboratory, 
or electrolytic, precipitation of the metals at different voltages, the best 
recovery would be obtained. Such a procedure would bring about the 
elimination of intermediate stages. The successive employment of 
different solvents may also be considered. Such schemes are not entirely 
fanciful. For instance, a very cheap supply of nitric acid, such as is now 
discussed as a possibility for the future, together with improvements in 
mechanical ^handling, acid-resisting materials, etc-, might make an ex- 
tremely simple plant flow sheet possible. One stage (roasting before 
leaching with brine to remove lead) was eliminated in some of the 
chloride methods given, by havii^ the solution carry its own oxidizer. 
Recent developments in the oxidization of iron salts would also seem 
to carry considerable significance along this line. 

Although the inadequateness of present methods is clearly recognized, 
the engineer at a mine is forced always to keep before him the facts 
that to make money on a given ore, its valuable metals must be extracted 
by present methods, and that pioneering is slow and costly. This is 
particularly the case where the metallurgy of complex ores containing 
several metals must be worked out. The present trend is not to make 
radical departures from accepted practice, but to improve each of the 
stages now used in the treatment of the simpler ores, and to combine 
effectively these improvements to meet the new conditions imposed by 
the introduction of several metals. For the benefit of the future metal- 
lurgist, it may be a timely suggestion that the values which are not saved 
should be impounded and left in as simple a form as possible; for usance, 
as a product like that of the original ore, rather than in a slag, or a speiss. 
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Electrolytic Zinc from Complex Ores 

By XT. C. Tainton and L. T. Leyson, Ksuioao, Ida. 

(New York Meeiiss, February, 1924) 

Some time ago, at a meeting of the Institute Prof. J. W. Bichar(is * said, 
“I take exception to the statement that all the factors in the production 
of electroljiio zinc were known long ago .... There is possible in my 
opinion an improvement of perhaps 60 per cent, in the new electrol 3 rtic 
processes.” An examination of the literature of the subject will show 
the justness of Professor fiichards’ contention. The work of the earlier 
investigators was carried on in the shadow of difficulties that, today, are 
hardly more than memories. We seldom hear now of zinc sponge, that 
bile noir of the electrol 3 diic-zinc pioneers. 

Zinc sponge was the name given to a peculiar, soft, black, non- 
adherent form of zinc deposit that was utterly useless for melting into 
ingot form. At the big plant at Cockle Creek, New South Wales, in 
1897, Edgar Ashcroft* said that the solution in the plant would suddenly, 
and without ascertainable cause, go “bad” and begin to deposit spongy zinc. 
The most delicate, even spectroscopic, methods of analysis were unable 
to detect any difference between “good” solution and “bad” solution; 
either form nnght change to the other on being kept for a while. When, 
it is added that an outbreak of this insidious disease (which appeared to 
be infectious, or at least contagious) could be dealt with only by discard- 
ing the solution and washing out all tanks and pipe lines, some idea may 
be gathered of the troubles of the zinc electrometallurgist in what may 
be spoken of as the “sponge age” of electrolytic zinc. 

Thanks to the efforts of a number of investigators, we are today able 
to diagnose with considerable certitude the nature of the malady that 
puzzled Ashcroft and his co-workers. The researches of Mylius and 


* R. G. Hall: Some Economio Factors in the Production of Electrolytic Zinc. 
Trane. (1917) 67, 718. 

* Edgar A. A^croft: The Treatment of Broken TTill Sulphide Ores by Wet Extrac- 
tion l^rocess and the Electrolytic Deposition of Zinc. Trane. Inst, of Min. & Met. 
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Fromm® showed the close relationship between spongy zinc and basic 
salts in the electrolyte and drew attention to the necessity of keeping the 
electrolyte slightly acid. They also noted the extraordinary effect of 
minute quantities of impurities, such as arsenic, in bringing about 
spongy zinc. The development of the theory of overvoltage supplied 
the link that connected these two apparently unrelated facts. A little 
later, the work of Hantsch^ and others, in showing the existence of 
colloidal zinc hydrate in basic solutions, and the theory of Muller and 
Bahntje,® with reference to the action of colloids in electrolysis, gave 
additional information on the cause and cure of the zinc-sponge evil. 

The electrolytic-zinc battle, however, was by no means won; the 
greatest diflSlculty was with the anode and its decomposition products. 
The seriousness of this trouble may be gaged by the fact that even 
platinum anodes were tried, and rejected because platinum dissolved 
in the organic acids always present in the electrolyte. Fused magnetite 
anodes suffered from the same defect, carbon anodes disintegrated, lead 
fouled the electrolyte. Ferchland® and Siemens Halske^ expended much 
ingenuity and effort on the problem, with the anode of pure precipitated 
manganese dioxide as the result. It is only comparatively recently that 
the use of lead anodes has been successful; the reason for this, it appears,® 
resides in the higher current densities now employed. 

No sooner had some measure of control over the conditions of elec- 
trolysis been acquired than another difficulty presented itself; this was the 
fouling of the solution by the accumulation of impurities. It appears, 
from the literature, that manganese was one of the most troublesome of 
these intruders; Edgar Ashcroft said: 

''The accmnulation of manganese salts is considerable and has so far 
prevented true cyclic working.” 

Manganese, of course, is almost universally present in zinc ores; 
and even were it not, the necessity for oxidizing the iron in the leach (for 
which purpose a manganese compound was usually employed) led to its 
presence in the electrolyte. Laszczynski,® who for some years operated 
an electrolytic-zinc plant in Silesia, stated: "Since the iron must be 
removed from the liquor before zinc is electrodeposited and a permanga- 
nate is the best oxidant for completing the conversion of ferrous salts 
into the ferric state prior to precipitation as hydrate, the liquor always 
contains manganous salts which must not be allowed to pass into the 

» Mylius and Fromm: ZeiL /. anorgan, Chem, (1895) 9, 164. 

* Hantaoh: Zeit. /. anorgan. Chem, (1902) 80, 298. 

* Muller and Bahntje: ZeU. /. EUWochem, (1906) 12, 317. 

•Brit. Pat. 24806 (1906). 

^ Brit. Pat. 16128 (1911). 

* Tainton: Trans, Am. Electrochem. Soc. (1922) 41. 

» Wlntle: Brit. Pat. 1341 (1910). 
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higher states of oxidation, a result which is inevitable in the ordinary 
method of eleetrodepositing zinc/' 

IManganese, of course, is no longer regarded as a cumulative impurity, 
and in some respects is regarded as beneficial. It is not easy to say 
exactly how the change has come about. The writer believes that, like 
the use of lead anodes, the improvement is probably the result of using 
higher current densities. At least this is the only certain difference 
between standard modem electrolytic conditions and those of Siemens 
Halske 15 years ago. 

The problem of impurities in the electrolyte, which even now calls for 
constant vigilance from the zinc-plant manager, stood for many years. 
As a solution derived from the acid leaching of a zinc ore might contain 
practically every element in the chemical calendar, it was feared that 
the necessary purification processes would become too complex and 
costly to be commercially practicable. Some of the earlier investigators 
went rather too far in setting their standards, thereby handicapping 
themselves unnecessarily. For example, Siemens Halske demanded 
that “every other metal (but zinc) and even carbon, should be 
completely excluded,” an ideal that in practice is quite beyond 
realization. 

With further experience, however, it was found that certain impurities 
were much less harmful than others and gradually through the continued 
efforts of many different workers (Ferchland, Borchers,^® Cowper Coles, 
Hoepfner,^* Laszczynski,^* Engelhardt and Huth^^ among others) there 
was evolved the flow sheet of a system that would prevent accumula- 
tion of impurities. Iron was oxidized and precipitated, together with 
most of the arsenic and antimony, in the pulp before filtration. From 
the filtered solution, the remaining metals electronegative to zinc 
were removed by precipitation with zinc dust. This system, if prop- 
erly worked, took care of all interfering impurities except a small 
group (nickel, cobalt, vanadium, etc.) which, if present in any con- 
siderable qtiantity, may have to be made the subject of special 
purification methods. 

Even today, this field is by no means fully explored. It is understood, 
of course, that the accumulation of impurities no longer prevents the 
true cyclic working of the electrolytic-zinc process. It is, however, 
impossible commercially to prepare solution not containing some trace 
of impurity — ^the methods of removal are never absolutely complete — 
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and the matter becomes one of striking an economic balance between a 
lowered current efficiency, caused by small amounts of impurities, and 
the cost of their removal from the solution. How important this problem 
is may be seen from the following quotation*® from the most recent and 
authoritative description of present-day practice: " When the problem 
of producing an electrolyte of absolute purity has been solved, the design 
of electrolytic-zinc plants and the operating conditions of the electro- 
lyzing division will be greatly changed from the present trend. Where 
75 per cent, ampere efficiency is now considered good practice, 85 to 
90 per cent, is easily obtainable with slightly more pure solutions.” 
On accoxmt of the fact that the current efficiency obtainable from an 
impure electrolyte rapidly falls as deposits become thicker, one of the 
large zinc plants has recently found it of advantage to reduce its deposi- 
tion period from 48 hr. to 24. Although the deposits so obtained are 
very thin, weighing only about lb. per sq. ft., the increased current 
efficiency more than offsets the extra cost of stripping the zinc. 

WMle, in the foregoing, attention has been directed particularly 
toward the troubles encountered in the actual electrolysis, it must not be 
supposed that the roasting and lixiviation of the ore has been free from 
difficulty. It would take too long to detail the many obstacles that have 
been met and overcome. Two serious difficulties have not yet been 
fuUy overcome. These may be epitomized imder the names of [zinc 
ferrite and gelatinous silica. 

Pbbcbntaob OB Zinc Extbaction 

The fundamental reactions involved in the leaching of zinc ores give, 
at ffist sight, every promise of possible completeness. Zinc suffide may 
be completely oxidized without difficulty. Zinc oxide is totally soluble 
in sulfuric acid, even in hot zinc-sulfate solution. May we not expect, 
therefore, to obtain by acid leaching a zinc extraction approximating 100 
per cent.? So, doubtless, reasoned the first workers in zinc hydro- 
metallurgy. But practice soon indicated the existence of an error in 
the argument. There appeared unaccountable difficulties in dissolving 
the zinc and further difficulties in separating the solution from the residue, 
kivestigation proved that, during the roast, ferric oxide and zinc oxide 
combined to some extent to form zinc ferrite, ZnO.FejOs, insoluble in 
dilute acids. Furthermore, when a roasted rino ore is treated with acid, 
a certain quantity of iron and silica pass into solution. When the acid is 
lat^ neutralized by continued addition of roasted ore, the iron and silica 
are precipitated, in the form of hydrated ferric oxide and gelatinous 


u Lust, Friok, Mton and Caplee: Etectarolytio Zone Hant of Anaconda Coppw 
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silica, respectively. These two substances, at the best, tend to reduce 
filtration speeds; and, at the worst, may make the separation of the 
solution from the ore an utter impossibility. 

As a result of these phenomena, the residues from the modern electro- 
l3^c-zinc plant carry usually from 12 to 20 per cent, of zinc, the average 
at the present day being closer to the higher than to the lower figure. 
Ralston^ says: “Recoveries of zinc in hydrometaUurgical practice have 
thus far (1921) averaged only about 70 per cent.” Experience at one 
of the large plants has been crystallized into a formula that the percentage 
extraction of zinc which can be expected from a given low-grade con- 
centrate (25-35 per cent. Zn) may be predicted with considerable 
approach to accuracy by multiplying the percentage of zinc present by 
two (Blaylock). That is to say, a 34 per cent, zinc concentrate yields 
about 68 per cent, recovery, and so on. This empirical rule does not 
apply to concentrates carrying more than 35 per cent, of zinc, for which 
extractions are usuallj’’ lower than it would indicate. 


Plow Sheets op ELBCTBOLTnc-ziNC Plants 

The increasing complexity of the flow sheet of the modem electro- 
Ijrtic-zinc plant shows the importance of the considerations mentioned; 
namely, the necessity of a pure solution on the one hand, and the difficulty 
of reconciling this condition with that of a high extraction of zinc. It 
is evident that these requirements are, to some extent, antagonistic; 
for if the residue going out of the plant has been treated with a solvent 
sufliciently active to make a high extraction of the zinc values, other 
constituents of the ore must also have been taken into solution and must 
be eliminated before the solution can be used for electrolysis. 

A double leaching treatment, as’ recommended by Isherwood,^'' 
Stewart“ and others, and practiced at Trail and Great Falls, is one 
method of dealing with this difficulty. The residues going out of the 
plant are finished in add solution, Wt this solution is separated and 
neutralized with an excess of roasted ore, many other constituents of the 
solution being thus predpitated. This basic solution is then separated 
and goes forward to precipitation, while the solids, contaming an 
excess of calcine, are treated with the acid solution before going out of 
the plant. 

The ideal theoretical case of this method would be a counter-current 
system wherein the roasted ore dropped through a pipe against an ascend- 
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ing current of acid solution.^® The residues going out at the bottom of 
the column would thus be finished in acid solution, whereas the solution 
leaving at the top would be thoroughly neutralized with an excess of 
calcine — a condition favorable to the precipitation of many objec- 
tionable constituents. 

A moment^s consideration of this case, however, makes it clear that 
the acid entering at the bottom of the pipe must not be strong enough to 
redissolve these precipitated impurities. Considering the case of zinc 
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Fig. 1. — ^High-acid pbocbss flow sheet. 


ferrite, for example, if the acid entering from below were strong enough to 
dissolve this compound, the dissolved iron would be precipitated at the 
top of the pipe and would then descend, to be again dissolved, together 
with more iron from the new ore. Iron would thus rapidly accumulate 
and the process would cease. 

The double-treatment system, therefore, while effective in extracting 
zinc oxide cannot be employed to break up zinc ferrite. The manager of 
the zinc plant has, therefore, centered his effort on obtaining as much as 
possible of the zinc in oxide form. The most effective way of doing this 
is to keep iron out of the zinc concentrate, which method has been gener- 
ally adopted. Through the purchase of high-grade concentrate and the 
use of selective methods of concentration, the electrolytic-zinc plants have 
steadily raised the grade of their plant feed, until their requirements are 
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almost as exacting as those of the zinc smelter. The most recent ore- 
purchasing schedules of the Great Falls and Trail plants are good examples 
of this fact. These requirements have tended to change the status of 
electrolytic zinc from what was at first hoped for — a general solution of 
the complex-ore problem — ^to that of a process alternative to, and com- 
petitive with, the old smelting method. 

Some years ago, there were published^** certain apparently anomalous 
results in connection with zinc eIectrol 3 ’'sis. It was found that if the 
cathodic current density^ and the free acid in the electrol 5 ^e were simulta- 
neously raised to very high values, particularly in the presence of a small 
quantity of colloidal matter, the efficiency curve started to rise and zinc 
deposits of exceptionally good quality could be obtained even from solu- 
tions containing considerable quantities of impurity. These phenomena 
were somewhat at variance with the ideas then current regarding the 
limitations of zinc electrolysis. At the same time, it was recognized that 
they might prove of practical value. For example. Dr. O. P. Watts^^ 
said: ** Doctor Piing’s experiments disclose new and undreamed-of possibi- 
lities in the electrometallurgy of zinc and emphasize the importance of 
trying experiments which, in the light of our present imperfect knowledge 
of the laws of nature and the properties of matter, wouldseem sure to fail.^' 

It was indeed evident that if these conditions could be applied in 
practice, certain advantages would follow. For example, the use of a 
return electrolyte carrying, say, 28 per cent, free acid instead of 7 per cent, 
would reduce to one quarter the quantity of solution to be neutralized, 
filtered, purified, etc., for a given output of zinc. Similarly, the use of a 
current density of 100 amp. per sq. ft, would necessitate the use of only 
one quarter the electrode area, cell capacity, etc. Also the possibility of 
using less pure solutions would minimize one of the main difficulties in 
connection with the continuous production of good zinc deposits and the 
maintenance of a high current efficiency. 

The practical application of these ideas to the electrolytic recovery of 
zinc from ores was therefore undertaken by the Rand Mines Ltd., of 
South Africa. The company was assisted in this enterprise by Charles 
Butters, of Oakland, Calif. As was to be expected, many difficulties 
were encountered at first, more especially on the engineering side. 

The mechanical equipment previously used in zinc leaching, filtra- 
tion, and electrolysis proved inadequate to handle the special problems 
that the conditions of strong acids and high current densities present. 
Indeed, the application of these conditions to the standard machinery of 
electrolytic-zinc practice was early recognized to be entirely out of the 
question. It was necessary to devise special methods and apparatus, 
without which the commercial operation of the process on many ores 

*® Pring and Tamton; Jnl. Chem. Soc. (1914) lOB, I, 710. 

O. P. Watts; Tram. Am. Mectrochem. &c. (1914) 25, 295. 
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would be almost impracticable and without a knowledge of which any 
tests under these conditions would almost certainly fail. Some of these 
methods are published here for the first time. 

Expeeimental Plant 

To insure that all engineering difficulties were completely worked out, 
it was considered advisable to erect a pilot plant having a capacity of 15 
tons of concentrate per day, and operate it continuously. This plant was 
erected at Martinez, Calif., each unit in it, roasting, filtration, etc., being 
of full commercial size, so that any desired capacity might be obtained 
by simply mffitiplying units. 

Operation was continued until all units of the plant had been thor- 
oughly tested and found to stand up to continuous service. This 
involved considerable experimental work, followed by 8 months con- 
tinuous operation, in 1920, during which 1600 tons of zinc concentrate 
were run through the plant. These results were extended by 6 months 
operation of a test plant at the Bunker Hill & Sullivan Mining & Con- 
centrating Co., at Kellogg, Ida. In certain departments, notably 
filters, acid pumps, and eleetrol 3 rtic cells, several t 3 rpes were tried before 
satisfactory operation could be secured. However, as the mechanical 
operation was stabilized, it became apparent that the conditions in 
question (strong acids and high current densities) lent themselves easily 
and naturally to methods of dealing with the two big problems previoudy 
mentioned — ^those of zinc ferrite and gelatinous silica — ^while still main- 
taining the simplest type of fiow sheet. It has proved practicable to 
make good commercial recoveries (about 90 per cent.) from ores in which 
only 75 per cent, of the zinc was “soluble.” It is also possible to leach 
and filter oxidized zinc ores, which, as is well known, usually give rise to 
so much gelatinous silica as to render their direct hydrometallurgical 
treatment infeasible. 

These results arise quite automatically, so to speak, from the use of 
high acid concentrations. The feature of our work that has attracted 
most attention has been the high current density used in electrolysis; 
but this is subsidiary, though necessary, to the use of strong acid leaching 
solutions. The development of our practice has be^ marked by a 
steady increase in the add strength of the electrolyte, leading to higher 
extractions, better zinc deposits, and lower power consumptions. At 
the outset, we did not dare go beyond 20 per cent. acid. With increasing 
acid strength, however, the plant results consistently improved until now 
the return electrolyte carries usually about 28 per cent, of free acid, and 
occasionally exceeds 30 per cent. ' This is about as high as it is possible 
to go using neutral solutions that are stable («. e, do not crystallize) at 
room temperatures. 
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Fig. 2. — ^Pbr cent, zinc soluble in sulfuric acid op varying strength at 
100® C. AND 1 HR- contact; roasted concentrate from Flm Orlu mine, Butte, 
AND North Star mine, Hailey, Idaho. 



Strength of Acid, Per Cent 


Fra. 3. — ^Phr cent, zinc and copper soluble in sulfuric acid, at 100® C. and 1 hr. 
contact; roasted concentrate from Afterthought mine, Shasta Co., Cauf. 

Note. — ^The expression per cent, of acid, as used here, represents ordinaiy plant 
usage and is not a true percentage. What is meant by x per cent, of acid is x grams 
of acid per 100 o. c. of solution, or Kb; gm. acid per liter of solution; thus 28 per cent, 
acid represents 280 gm. per lito H1SO4. 
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As would be expected, the quantity of zinc extracted from an ore is 
greater, the stronger the acid used for leaching. To show the behavior 
of any given ore in this respect, 1-gm. samples are treated for a fixed time 
(1 hr.) at fixed temperature (100° C.) with an excess (150 c. c.) of acid of 
various strengths. The mixtures are filtered and zinc determined both 
in the solution and in the residue. The percentage extraction is plotted 
against acid strength. A few representative curves, Figs. 2 to 5, are 
shown for calcines of the following composition: 



PjBB Cbnt. Psb Cxxt. 

PxB Cent. 

Per Cbn't. 

PsB Cent. 


Zjko Cofpxb 

Leas 

Ibon 

Inbolubus 

Afterthought, Shasta, Calif. . 

. 24.7 4.74 

0.5 

15.1 


North Star, Hailey, Ida 

37.0 

8.7 

13.2 

9.4 

Elm Orlu, Butte, Mont 

59.6 

3.05 

4.3 

11.0 

Star, Mullan, Ida 

41.1 0.15 

15.9 

9.4 

6.1 



Strength of Acidly Per Cent 


Fig. 4. — ^Peb cent, zinc soluble in acid op vabting stebngth at 100® C. and 
BOOM tempebature, concentbate from Stab mine, Mullan, Idaho. 


Table 1. — PercerUage of Total Zinc Extracted 


Strenstb Add, 
Per Cent. 

North Star 

Afterthought 

Elm Orlu 

Star Idaho 

Sue 

Copper 

Hot 

Cold 

1 

78.2 

81.7 


86.4 

89.5 

83.5 

2 

81.4 

86.0 


94.4 

91.5 

86.8 

4 

86.3 

90.6 


96.1 

93.76 

88.5 

6 

91.2 

91.2 


96.3 

97.5 


S 

92.6 

92.8 



97.6 

92.25 

10 

95.3 

95.6 


97.3 

98.6 

97.4 

16 

98.0 

96.8 


98.3 

1 98.4 


20 

i 

99.4 

97.3 

99.9 

98.5 

i 98.7 

1 

98.6 
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The extractions are shown in Table 1. For the sake of comparison, 
the extractions for the Star ore are shown at both 100° C. and room 
temperature, Fig. 4. 


Effect of Zixc Ferrite ox Extractiox 

To determine what part the zinc ferrite plays in the extraction, a 
sample of an ore was finely pulverized and leached with a hot strong 
(20 per cent.) solution of ammoniacal-ammonium chloride until the 
filtrate no longer gave a test for zinc; in this way all the zinc oxide and 



Fig. 6. — SoLusiLiTr of zinc and coppbb pbehtebs in varying strengths op acid 

AT 100‘' C ; BOASTED AFTERTHOUGHT CONCENTRATE FROM WHICH ALL SOLCBLB ZINC 
AND COPPER HAS BEEN REMOVED BY LEACHING WITH AMMONIACAL AMMONIUM-CHLORIDE 
SOLUTION 


zinc sulfate were completely removed. The residue containing the zinc 
ferrite, together with some silicate, unroasted sulfide, etc., was leached 
with different strengths of acid, as before. The results, ^own in Fig. 
5, are as follows: 

Rssiditb ajettbb Lbacb- 
Bbtobb Lsaohqto IKO 56.4 Fbb Cbnt. of 
NH4CI, OBIGmAI* WSIGHT, 

Pub Cbkt. Pbb Cbkt. 


Zino 22.7 16.8 

CJopper 6.03 3.86 

bon 17.0 30.1 
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Effect of Different Strengths of Acid 


The effect on this residue of different strengths of acid was as follows: 


Peb Cent. 
H2SO4 

2 

4 

6 

8 


ZZBTC 

EzTBACTIOir, 
Peb Cent. 

47.0 

67.1 

67.2 
85.0 


Copper 
Eztbactzoe, 
Per Cent. 

23.9 

48.8 

52.2 

80.6 


Per Cent. 
Hx304 

10 

15 

20 


ZXNO 

EZTRACTZOI^• 

Per Cent. 

93.1 

93.1 
94.5 


COPPEB 
Extbaotzon, 
Per Cxirr. 

91.0 

97.0 
99.4 


The curve, Fig. 5, exhibits, in an exaggerated degree, the characteristics 
of the other curves; namely, the slowing up of extractions between 4 and 
8 per cent, acid, then a rapid rise until 10 per cent, and a gradual increase 
up to 20 per cent. acid. 

Because the curve. Fig, 2, shows an extraction of about 91 per cent, on 
North Star ore with 6 per cent, acid, it must not be assumed that any 



Fia. 6 . — WxTBACnON op zinc obtained in plant lbach d\tbino neutbauzatton 

OP 27.5 PER CENT. ACID (hOT) WITH ROASTED StAB CONCENTRATE; ILLUSTRATING 
FALLING OFF IN EXTRACTION AS STRENGTH OP ACID IS REDUCED. 

such extraction could be obtained in a plant when using return electrolyte 
carrying 6 per cent, of free acid. In the first place, these figures are 
obtained by keeping for 1 hr. at boiling temperatures, whereas ordinarily 
plant solutions are used cold, and ore is added rapidly. Again, a large 
excess of acid was used in these tests, so that the whole of the sample 
is treated with acid of that strength. In the case of neutralization of 
return electrolyte in the zinc plant, it is necessary to deal with a con- 
tinually falling acid strength, eventually reaching neutrality, so that the 
average acid strength is only one-half that of the return electrol 3 rte. For 
these reasons, the plant extraction that can be expected with 6 per cent. 

TOL. ucx.— 
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free acid in the electrol}i:e is usually about that shown on the curves for 
the 1 per cent, acid strength. On the other hand if, say, 30 per cent, of 
free acid is used, the extraction will be greatly increased. In the first 
place, the heat of the reaction (solution of ZnO) is sufficient to raise the 
temperature considerably; second, two-thirds of the acid range lies above 
10 per cent, which, as the curves show, is sufficient to dissolve nearly all the 
more insoluble zinc compounds. 

To determine how this extraction varies in practice, samples were 
drawn from a tank during the progress of neutralization of a charge of 
return electrolyte carr^dng initially 27.5 per cent, of free acid. The 
different pulp samples were filtered, washed, the filtrate analyzed for 


iron and the solids for zinc. 

The results, shown in Fig. 6, are as follows 

Pbb Cent. 
Added 

Total CAXonoB 

Ibok. Gbaus peb 
Litbb m Solution 

Zinc in RbsxduEi 
Peb Cent. 

Total Pbogbbb- 
sivE Extbaotxon 
or Zinc. Pbb Cent. 

Extraction at 
Each Point. 
Peb Cent. 

40 

22.1 

2.0 

97.6 

97.6 

60 

18.5 

4.0 

94.8 

89.2 

80 

4.2 

5.5 

92.8 

86.8 

100 

0.06 

6.65 

90.9 

83.3 


The fourth column represents the total progressive extraction on all 
calcine added up to that point. The fifth column is the extraction for 
the portion added since the last sample was taken. For example, the 
average extraction on the whole charge is 90.9 per cent, of the zinc; the 
average extraction on the first 40 per cent, of calcine added is 97.6 per 
cent., and on the last 20 per cent, only 83.3 per cent. 

The falling off in the extraction in the lower acid ranges is very 
striking. Unless acid strength exceeds 10 per cent., it is almost hopeless 
to expect to dissolve anything but zinc sulfate or zinc oxide; all zinc 
ferrite put in below this point is lost. This fact is recognized at plants 
where low-acid leaching is employed. It is mainly for this reason that 
the progress in electrolytic-zinc practice has been marked by the con- 
tinual attempt to reduce the iron-zinc ratio in the plant feed. 

Magnetic Separation op Zinc Ferrite 

It was thought that if the zinc ferrite in the calcine could be separated 
from the zinc oxide, it would be possible to add the ferrite first to a 
strongly acid solution (say, 28 per cent.) until the acid strength was 
somewhat reduced, and then complete the neutralization with the zinc 
oxide portion free from ferrite, and so obtain a still higher extraction. 
Investigation showed that such a separation could be easily accomplished 
magnetically. 

Below are shown extraction figures obtained by leaching a certain 
concentrate (Afterthought, Calif,) with increasing strengths of acid; 
this same ore was then separated magnetically into two portions approxi- 



U. C. TAINTON AND D. T. LEYSON 


4yy 


mately equal in amount, and the extraction curve obtained for the 
two portions: 


Zinc, Coppib, 

PiSR Cent. Pbb Cbnt. 


Original 24 7 4.74 

Magnetic portion, 34 per cent, of total 12.5 7.6 

Non-magnetic portion, 66 per cent, of total 31.2 3.25 


Stbbnoth Obigxnae 

OF Acid, Zinc, Coppxa, 

Pbb Cbnt. Pbb Cbnt. Pbb Obkt. 


Extbaction 

Febbite Pobtion Oxide Pobtion 

Zinc, Coppbb, Zinc, Coppbb, 

Pbb Cent. Peb Cent Pbb Cent. Pbb Cent 


2 

10 

20 


85.0 

70.6 

62.1 

58.3 

96.5 

71.1 

96,6 

98.4 

90.0 

97.5 

98.0 

99 1 

97.3 

99.9 

95.2 

99.9 

98.3 

99.9 


The zinc-oxide portion shows very little difference with increasing acid 
strength, but the increase is considerable in the case of the magnetic 
(ferrite) portion. Evidently, if the ferrite is not allowed to come into 
contact with acid below 10 per cent, strength, a high extraction will 
be obtained. 

The introduction of a magnetic separator (of the simple deflecting- 
pulley type, Fig. 7) into the plant flow sheet immediately confirmed the 
theoretical predictions. For example, on the Afterthought concentrate 



Fig. 7. — ^Typb op magnetic sbpabatob used for separation op zinc pbrritb prom 

ZING OXIDE IN ROASTED ZINC CONCENTRATE. 


(22 per cent, zinc, 6 per cent, copper) the extraction of copper was raised 
from 60 to 85 per cent, and that of zinc from 85 to 91 per cent. The 
amount of copper ordinarily extracted at electrolytic-zinc plants is 
about 20 per cent. (Hansen**). On a Canadian zinc concentrate (43 
per cent, zinc, 7 per cent, iron), the average extraction of the zinc during 
two months operation was 94.1 per cent., and of the 6.9 per cent, left in 


»» Electrolytic 2iinc. Trans. (1920) 64, 86. 
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residue, 4.6 per cent, was in the form of sulfide, because of poor roasting. 
The extraction of available zinc was, therefore, in excess of 98 per cent. 
The residues usually carry from 4 to 8 per cent, zinc, corresponding to a 
range of grade of the calcine from 25 to 50 per cent. 

With this method it is not necessary to obtain a sharp separation of 
the zinc oxide and zinc ferrite. Ordinarily, the quantity of zinc as 
ferrite is comparatively small compared with that as oxide. For ex- 
ample, in the case of a calcine carrj’ing 30 per cent, zinc and 15 per cent, 
iron, assuming aU the iron present to be combined with the zinc ferrite, 
Zn0Fe208, the TnaYiTminn zinc so combined is 29 per cent, of the total 
zinc. As ferrite dissolves fairly readily in acid of more than 10 per cent, 
strength, and as our return electrolyte carries about 28 per cent, of free 
acid, all that is required is a rough separation, say into two equal parts, 
one part containing all the ferrite zinc (say 29 per cent, of the total zinc 
present) together with 21 per cent, of zinc other than ferrite, and the 
other part containing the remaining 50 per cent, of the total zinc in the 
form of oxide. 

If the magnetic portion is added first to the 28 per cent, acid in 
sufficient quantity to consume one-half the acid, all of the ferrite will 
receive thorough treatment. The remaining half of the acid may then 
be neutralized with the non-magnetic portion. Evidently all that is 
to be sought is to keep ferrite, as much as possible, out of the oxide 
portion; the presence of oxide in the ferrite is unobjectionable. This 
allows a very simple type of magnetic separator. 

Advantage op Dissolving Zinc in Ferrite Form 

An advantage accruing from the ability to dissolve zinc in ferrite 
form is that so close a control on the roasting is not necessary. Because of 
the formation of ferrite and the large quantity of zinc sulfate left in the 
filter cakes, the large electrolytic-zinc plants decided to change from an 
oxidizing to a sulfating roast; u e., a slow roast at a low temperature. 
This, however, has its disadvantages. Laist®* says More time is required 
for sulfate roasting, which means that the capacity will be less and 
the fuel consumption greater. The gas volume is greater when sulfate 
roasting so that more flue dust is produced.” Where, however, the 
formation of ferrites is unobjectionable, higher temperatures can be 
used and greater capacity obtained. The roaster installation for any 
given output of zinc can thus be correspondingly reduced. 

It will be noticed, in the curve (Kg. 6) for progressive extraction 
during the neutralization of the return electrolyte, that the quantity of 
iron dissolved with an initial acid strength of 27.6 per cent, reaches 22.1 
gm. per liter; this compares with 0.75 gm. per liter dissolved when using 


^Tram, ( 1920 ) 64 , 710 . 



T7. C. TAINTON AND L. T. IiBTSON 


601 


6 per cent, acid.** About thirty times as much ferric hydrate per unit 
volume of solution is thus precipitated in the pulp before the end of the 
neutralization. This precipitated ferric hydrate represents the means 
on which the zinc plant relies for the elimination of its arsenic and anti- 
mony, which are the two impurities most to be feared in ordinary zinc 
electrolysis. Laist says “Antimony and arsenic are particularly injuri- 
ous, causing very poor current efficiency when present in amounts so 
small as almost to defy detection.” Laist and Elton*® have patented 
the addition of scrap iron to the acid sump or iron salts to the solution 
in order to offset this difficulty. C. A. Hansen** sa3rs; “The trouble in 
the leaching plant has been due to leaching too little iron rather than too 
much. At Bully Hill, when it was found that dissolved iron was essential 
to the complete removal of arsenic and antimony, we tried to roast the 
ore so that more iron would dissolve; to use such add concentrations 
as would lead to dissolving more iron; and finally purchased iron and iron 
salts as being the cheaper alternative.” 

It has been clearly shown (Biltz)** that the removal of arsenic from 
solution by means of ferric hydrate is not a true chemical reaction but an 
adsorption phenomenon expressed by the ordinary adsorption equation 
B = where E is the concentration of adsorbed substance in the 
adsorbing phase, A is the concentration of adsorbed substance in solution 
at equilibrium and B and P are constants. Typical values for the two 
constants in this case are P = 170 and P = 0.195. The final concen- 
tration of arsenic in solution will therefore decrease very rapidly as the 
quantity of iron is increased — approximately inversely as the fifth 
power.*® That is to say, for any given case doubling the quantity of 
ferric hydrate will reduce the residual arsenic left in solution to about 
by using four times as much ferric hydrate, the residual arsenic concen- 
tration will be about Miz; and so on. Using thirty times as much ferric 
hydrate, the ultimate arsenic concentration would be of the order of 
one^twenty four millionth. 

It is clear, therefore, that the solutions obtained from the strong 
acid leach wiU be, for all intents and purposes, free from arsenic and 
antimony no matter what amounts of these elements are present in 
the ore. For the sake of experiment, we have charged into the plant 
agitators as much as 10 per cent, of arsenic-beating flue dust (8.5 per cent. 
As) with the regular calcine without detecting any arsenic in the solution. 
Normally, after roasting, the amount of arsenic and antimony in the 

M Laist at ol.: Op. eU., 717. 

» TJ. S. Pat. 1255486 (1918). 

*^Loe* cxL 

" Bcr. Deut. Chem. GeselL (1904) S7, m, 3138, 

^ Maitland 0« Boawdl and J. V. IDickson: /nZ. Am. Ghem. Soc. (1918) 40, 
1793-1801. 
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calcine is relatively small; using strong acid leach conditions, the arsenic- 
antimony problem may be finally dismissed. 

It might be expected that the presence of so much ferric hydrate in 
the pulp would lead to filtration difiSculties. There exists, however, a 
rather remarkable compensatory effect. C. A. Hansen*® thus expresses 
the result, “High acid concentrations bring about high leaching-tank 
temperatures and high leaching-tank temperatures conduce to excellent 
coa^ation of the colloidal solids and so make filtration possible.” 
Laist*® also saj's “Too low an acid for a long period results in low recovery 
due to undissolved ZnO and to high moisture in the filter cake caused by 
precipitating ferric hydroxide, gelatinous silica, and alumina without 
gramilating. Poor settling of theacidsettlersresultsforthesamereason.” 

When using in the leach acid strengths up to 30 per cent., the granu- 
lating effect mentioned is obtained in an extreme degree. Some investiga- 
tions on this point indicate that this is really a complex phenomenon 
involving, first, the solution of silicates to form silicic acid, then the forma- 
tion of a gel of silica throughout the pulp, the precipitation of ferric 
hydrate from the entrained ferric sulfate, in the gel, then a ssmeresis of 
the gel whereby it separates into two phases, one relatively solid and one 
extremely dilute. The effects are compKcated by concentration changes 
during the progress of neutralization and by temperature variations. 
It is hoped to publish later the results of some investigations into this 
interesting subject. 

It may be said, however, that the guiding principle in obtaining good 
filtration is to dissolve enoi^h silica to make particles of gel stiff enough 
to stand up imder the filtration pressure without deformation; and to 
precipitate the ferric hydrate inside the particles of gel so that it does not 
clog the interstices of the cake. In this way, ferric hydrate and gelatin- 
ous silica may be played against one another and good filtration secured 
from a combination of factors, of which one alone might make filtration 
almost impossible. This represents rather a reversal from the usual 
attitude. At other electrol 3 rtic-zmc plants, it is usual to attempt to 
keep silica in the caldne as low as possible; and in the' case of custom 
ores, penalties are often imposed if it exceeds a certain figure. When 
using strong acids, on the other hand, silica becomes desirable, and we 
have sometimes added oxidized zinc ores to supplement the soluble 
siHca content of low-silica concentrate. 

ElIMINATIOIT OE COBALr AND NiCEEL 

A valuable feature of the use of strongly acid leaching solution is 
in coxmection with the elimination of cobalt and nickel. These two ele- 
ments have caused an enormous amount of trouble in zinc electrolsnsis, 

•» Trcma. (1919) 60, 206. 
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and at least half a dozen methods have been patented for their elimina' 
tion; Sulman,*! Fields,®® Avery,*® Clevenger. 

All of these methods involve either the use of expensive reagents 
(permanganates, ozone, mercury, beta napthol, etc.) or the heating of 
the solutions to a high temperature, or both. The fact that zinc precipi- 
tates cobalt and nickel from hot, but not from cold, solutions has been 
known for a long time. It has been used for the plating of small articles 
with nickel and cobalt by boiling. The articles are placed in a zinc basket 
and lowered into the hot solution of cobalt or nickel salts.*® 

The cost of heating up to almost boiling temperature the large volumes 
of solution used in ordinary low-acid practice is no inconsiderable item. 
One of the large plants is trying water-tube boilers of the Babcock & 
Wilcox type, but constructed entirely of copper to withstand the copper- 
sulfate solutions; they report that the maintenance cost is quite large. 

When acid of about 30 per cent, strength is used for leaching, the 
volume of solution is reduced to about one quarter and at the same time 
the heat of the reaction brings the solution to the boiling temperature. 
It is, therefore, only necessary to arrange that this heat is retained until 
the zinc-dust purification step, in order to care for any cobalt and nickel 
that may have come in from the ore. In treating zinc concentrate from 
the Coeur d’Alene district, the purification residues have carried as much 
as 0.88 per cent, cobalt. 

Results Obtained with Stbong Acid Leaching Solution 

The use of a strong acid solution for leaching therefore accomplishes 
the following results. 

1. It permits the treatment of zinc ferrite, which is ordinarily an 
obstacle in the treatment of low-grade f^ruginous concentrates; it enables 
the roasters to be operated at high capacity. 

2. It increases the percentage extraction of both zinc and copper 
and reduces the amoimt of zinc in the residues, thereby lowering residue 
smelting costs. 

3. It brings about the solution (and subsequent precipitation) of a 
large quantity of iron in the leach, and thus thoroughly purifies the 
solution from arsenic and antimony. 

4. It improves fiJitration and permits the treatment of ores high in 
soluble silicates which, in low-acid work, would give trouble in filtration 
from gelatinous silica. 

» IT. S. Pat. 1334601 (1920); 1336386 (1920). 

M n. S. Pat. 1382404 (1921). 

M IT. S. Pat. 1347200 (1920). 

** U. 8. Pat. 1283077 (1918); 1283078 (1918). 

** Qeorg Laagbein (Braimt) : “Electrodeposition of Metals." H. C. Baird & 0>., 
Inc. New York. 19:^ 
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5. It allows the treatment of ores containing large quantities of cobalt 
or nickel without the addition of any extra step in the flow sheet. 

6. It reduces the quantity of pulp to be agitated and filtered and the 
volume of solution to be stored and purified, not only in the inverse ratio 
of the strength of acid used for leaching but to an even greater degree, by 
the elimination of double leaching, double purification, double fiuitration, 
etc. This is of importance not only in the capital cost of the plant but 
also in operating costs. As pointed out by Elton and Caples,*® “the 
double-leaching method requires more labor and equipment, and repair 
costs are undoubtedly higher especially on the acid filtering equipment.^' 
The same writers state that “the operating costs per pound of zinc 
recovered at the zinc plant were lower with this process (i. c., single leach- 
ing) than they have been with the double-leaching scheme.” 

Methods and Equipment Developed for Use in High-acid Leaching 

The first stage in the process, that of roasting the zinc concentrate, is 
a standard operation for which standard roasting equipment may be 
employed. The roaster at the Martinez plant, Fig. 8, was of the Mc- 



Fid. 8. — Gekbeaii view of MABTmxz zinc plant, showing feed conveyors from 

BAIEBOAD AND BOASTER STACK ON TOP OF HILL. 


Dougall-Wright type, 18 ft. in diameter, with six hearths, and oil fired 
on the bottom hearth. Temperature on each hearth was measured by a 
base-metal thermocouple placed about 3 ft. from the wall of the furnace 
and immediately below the bricks of the hearth above. Temperatures, 
as measured by this method, were not allowed to exceed 820® C. on accoimt 
of excessive wear and tear on the furnace; the average temperature on 
the fifth hearth was 788® 0. 

** Electrolytic SSno Plant of Anaconda Copper Mining Co. Prana. (1920) 64, 758. 
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The hot calcine was cooled and passed through a 30-mesh trommel 
screen. The oversize from this screen passed through a small ball mill 
and returned to the boot of the feed elevator. The screened calcine 
passed to a magnetic separator situated directly above the calcine bins. 

The magnetic separator was of the hollow-pulley type having a row 
of electromagnets placed inside the pulley at the point at which the ore 
particles would normally leave the surface of the pulley. The arrange- 
ment is represented diagrammatically in Fig. 7. Ore passes under the 
feed gate, over the small distributing rollers, and on to the large pulley. 
The magnetic particles are deflected as they fall and, by adjustment of 
the position of the knife edge, any desired proportion of magnetic and 
nonmagnetic may be obtained. This type of machine is simple and cheap 
to install and operate. Undoubtedly closer work could be done by a 



more elaborate machine but no very sharp separation of oxide and ferrite 
is aimed at. Cases might arise, however, in which so large a proportion 
of the zinc was in the form of ferrite that a more perfect separation would 
be desirable. After separation, the material drops to two bins designated 
oxide and ferrite, respectivdy. From these bins the calcine is fed over 
an automatic weighing machine to the agitators. 

The quantity of neutral solution required by the cells, and the 
quimtity of the return electrolyte coming from the cells, amounts to 
approximately 5}4 fluid tons (of 32 cu. ft. each) per ton of zinc deposited. 
This retmn electrode carries about 28 per cent, of free sulfuric add. 
The neutralization of this add with caldne brings the temperature of 
the final pulp dose to boiling temperature. It is advantageous, from 
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the standpoint of coagulating silica, to have the pulp at boiling tempera- 
ture some little time before the end of the reaction, so the temperature 
of the leaching solution is raised to about 60® C. before adding ore. The 
pulp is still practically at boiling temperature when brought down to the 
filter and most of this heat is retained until the purification is complete 
and the solution ready to go to the cells. This is done, not as has been 
sometimes thought, in order to prevent crystallization of the solution 
(zinc-sulfate solution containing 200 gm. zinc per liter is quite stable at 
room temperature) but because filtration, purification, etc. are greatly 
expedited by increase of temperature. For similar reasons, it is custom- 
ary at other plants to wash filter cakes with hot water (Laist),*^ though 
in the case of standard low-acid leaching practice, the volume of solution 
handled is so great that the heating effect due to neutralization of the 
acid is relatively inconsiderable. 

In our flow sheet. Fig. 9, therefore, the only heat required is that 
necessary to raise the return electrolj'te from about 30° C. (cell tempera- 
ture) to 60® C.; if steam were used for the purpose, it would require 
about one ton of coal for each 20 tons of zinc produced. In the ordinary 
way, however, the whole of this heat, as also all heat for wash water, 
etc., may be obtained from the hot water coming from the roaster 
cooling system. 


Leaching Division of Plant 

In the leaching operation, a charge of the warn electrolyte is first 
introduced into the agitator. This may be either a pachuca, as is used 
at most other plants, or a flat-bottomed tank with mechanical agitator. 
Our first work was done with pachucas, but later, we preferred a 
mechanical agitator because of its lower power requirements and much 
smaller tendency to cool the pulp. This agitator, if not too large (say, 
20 ft. in diameter by 12 ft. deep, and holding at a charge 100 tons of 
solution, sufficient for the production of about 18 tons of metallic zinc) 
gives very satisfactory service, though it would probably not be satis- 
factory for low-acid work as it would hold enoi:^ solution for only about 
4j4 tons of zinc. 

After the return electrolyte is introduced and the agitation started, 
the door of the ferrite bin is opened and ferrite added to the extent of 
about one-half of what it is estimated the charge will take. The agitator 
is then operated for about hr., when, if necessary, a little ground 
manganese ore (about 35 per cent, manganese) is added to oxidize 
the iron. 

The gate of the oxide bin is then opened and oxide added steadily 
until iron in the solution is almost eliminated. This is tested by allowing 
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a drop of the pulp to fall on a thiocyanate test paper. As long as iron 
is present, a red ring is obtained. The operator quickly leaius by the 
appearance of this spot to hit the end point with great exactness, so that 
the last of the iron hydrolyzes out without adding more calcine, leaving 
a solution still slightly acid. 

Before the charge is brought down to the filter, a sample is filtered on 
a small vacuum filter funnel and the filtrate tested with permanganate 
to make sure all iron is oxidized. This test also insures that the charge 
is not over run, because if too much calcine has been added it is 
detected by the filtrate showing a milky appearance, due to the separation 
of basic salts. 

The pulp then gravitates to the filters. No thickener is required 
(unless the calcine is very high in zinc) because of the small initial volume 



Fig. 10. — ^Fbbd bnd of Bub? Fn/niB, at Mabtinii!Z fxakt. 


of solution used. The filter that has been adopted is the Burt revolving 
pressure type, Fig. 10. Filters of the vacuum type were objectionable 
for two reasons: In a vacuum filter, one is limited to atmospheric pressure 
and there is a decided advantage in subjecting gelatinous silica cakes to 
considerable pressure, as they may be thus, to a large extent, dehydrated. 
More important, however, is the fact that in a vacuum filter, and indeed 
in most pressure filters, the cakes must be held on by air pressure after 
removal from the pulp. During this period, cakes of this kind (z. e. 
containing gelatinous dhca) inevitably crack, and then the wash water 
tends to rush through' the channels thus formed. The difficulty of 
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obtaiaing washing in this way is shown by the fact that at other zinc 
plants, where vacuum filters are used, it is necessary to filter and repulp 
two or three times, and even then a considerable amount of water-soluble 
zinc is lost in the residues. 

In the Biu:t filter, however, this difficulty is overcome. The rota- 
tional movement of the filter keeps a smaU quantity of pulp 
always moving over the surface of the cake, and thus cracks are 
immediately sealed. On this account, the amount of washing required 
is relatively small; no system of building up wash water is necessary. 
When using water only, and washing the residues down to 0.5 per cent, 
water-soluble zinc, the wash water used was not sufficient to make up the 
water lost by evaporation; therefore the practice of washing residues 
down to 0.25 per cent, water-soluble zinc was adopted. 

The Burt filter is the only one, with which we are acquainted, that 
could approximate so dosdy to the ideal of direct replacement of soluble 
values. This characteristic has found application in the Chile nitrate 
industry where, after extensive trials of all sorts of filters, some large 
installations of Burt filters have recently been completed. The problem 
in this case is somewhat similar — ^namely, the filtration of a hot concen- 
trated pulp contmning valuable solution that should be separated with 
the minimum of wash water. In connection with the Chile installation 
of Burt filters, a number of modifications and improvements have been 
worked out which reduce to a minimum the amount of attention required. 
One man per shift can attend to three filters, which, when used in the 
zinc plant will produce from 30 to 45 tons of zinc metal per day. 

The Burt filter consists essentially of a steel shell 42 in. inside diameter 
and 40 ft. long, placed horizontally and supported at one end by a hollow 
trunnion and at the other end by rollers, as in certain tube mills. The 
inside of the shell is lined with cotton filter cloth which is sewed round 
wooden boards about 9 in. wide and 20 ft. long. These boards are held 
in place by angles bolted to the outside shell. Pulp enters at one end 
throu^ the hoUow trunnion, and residues are discharged at the other end, 
which is normally kept closed by a circular door, operated by a hydraulic 
cylinder and a system of toggle levers. 

In the ordinary operation of ffitering, a charge of pulp is run down 
until the filter is nearly fuH. The filter is started revolving, the inlet is 
then closed, and compressed air put in through the tnmnion, thus dis- . 
placing the solution and leaving ihe solids uniformly spread over the inside 
surface of the filter in the form of a cake from 2 to 4 in. thick. The 
expulfflon of all the solution is shown by the blowing of air through the 
discharge nipples around the shell. A <ffiarge of wash water is then run 
in (with a centrifugal piunp) without lowering the pressure inside the 
filter. The admission of wash water is continued until the nat-A is 
washed to the desired point, which is shown by the falling of the specific 
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gravity of the effluent solution down to some definite point, say 1.05. 
The addition of wash water is discontinued and the filter allowed to 
''blow'' so that all excess wash water is removed. The pressure is then 
taken off and the discharge door opened while the filter is still turning. 
The cake falls to the bottom of the filter, is screwed forward to the dis- 
charge end by the angle irons, which are so placed as to form a discontinu- 
ous spiral, and falls into the residue cars. When the cake is out, the 
door is closed, and the cycle repeated. The Burt filter may also be 
arranged, very conveniently, for a wet discharge. By rotating the filter 
the cake is repulped with the addition of a small amount of water; the 
door is then opened and the pulp allowed to flow out. 

To prevent dissipation of the heat in the pulp, the outside of the 
filter is lagged with an asbestos covering. To prevent attack of the 
iron by the copper sulfate in the solution, the shell is lined with wood, or, 
when handling solutions very high in copper, with a lead or copper lining. 
All pipe lines carrying pulp or unpurified solution are of lead, copper, or 
brass; on the purification side, pipe lines and pumps are of iron. Tanks 
may also be made of iron but so far, in spite of much investigation, we 
have found nothing to compare with a lead-lined wooden tank. Even for 
storage of neutral solution, where plain wooden tanks might seem suit- 
able, it pays well to put in a lead lining; the deterioration on a lead-lined 
tank is very small whereas that on an unlined wooden tank is high. 
Again, a wooden tank containing snnc-sulfate solution invariably leaks; 
this is objectionable not only on account of the waste of solution, but 
it causes deterioration of sills, concrete floors, etc. 

When using strong acids, the volume of solution handled is small, 
so that the cost of lead lining is a relatively insignificant item. In fact, 
the cost of the lead lining of tanks throughout the leaching department 
of the plant would amount, in the ordinary way, to less than 2 per cent, 
of the total cost of plant. When it is considered that this lead, especially 
in storage tanks, suffers little deterioration, the advantage of lead lining 
wooden tanks becomes most obvious. 

There has been some discussion as to whether a continuous leaching 
system is preferable to a batch system. The batch system was chosen 
because the continuous system, as pointed out by Elton and Caples, is 
more expensive in labor, repair, and capital charges than the batch 
method, and the metallurgical exigencies that dictated its adoption 
elsewhere did not exist in our case. 

We have devised a number of simple tests that can be used by the 
shift men in the plant, so that they do not have to rely on the laboratory 
for guidance. This system, which gives each operator the means of 
checking bis own work and at the same time definitely places responsi- 
bility for any carelessness, greatly improves metallurgical efficiency. 
These plant tests have been worked out to cover roasting, leaching, 
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filtration, and purification. At other plants, purification has to be so 
complete that rather elaborate analj'tieal methods are required to deter- 
mine whether or not solution is sufliciently pure for electrolysis. In our 
case, this extreme degree of purification is unnecessary and simple rapid 
tests can be made by the shifts man on each batch of solution. 

Purification is accomplished by agitation of the solution with zinc 
dust. For making zinc dust, instead of blowing molten zinc with 
compressed air, as is done elsewhere, we crush cathode zinc in a ball mill, 
thus avoiding a loss of 5 to 10 per cent, in melting and oxidation. The 
crushed zinc dust is flal^' rather than granular and presents a large sur- 
face area. 

Speaking generally, the removal of copper and cadmium from solu- 
tion with zinc dust is not so simple as might at first sight appear. The 
precipitated copper and cadmium sponge have a strong tendency to oxidize 
in the presence of air and if this occm's, the oxides, cadmium oxide particu- 
larly, tend to go slowly back into solution, either precipitating 25nO or 
forming basic zinc sulfate. Once the cadmium sponge is partly oxidized, 
it is difficult to remove the last traces of cadmium from the solution, as 
more cadmium tends continually to dissolve. Under these circumstances 
the only way of effecting a substantial removal of the cadmium is to 
cany a considerable excess of zinc dust, so as to take care of the cadmium 
as fast as it comes back into solution. 

If air agitation is used for purification, this effect is observed to a 
marked degree. At Great Falls, where pachucas are employed for the 
purpose, Laist’^ says “A definite excess of zinc dust is then added to 
insure that all cadmium is precipitated. The amoimt of excess dust 
added is determined by practice and is varied from day to day . . . Like 
the rest of the process, it must be carefully watched because an error here 
results in poor tank-room efilciency for several days. The best method 
is to avoid trouble by using plenty of dust; on the other hand, the use of 
too much dust is expensive.” 

When making grade A zinc, it is necessary to remove cadmium from 
the solution until the amount remaining will not constitute more than 
0.05 per cent, of the zinc recovered. At Great Falls where 100 gm. of 
zinc are taken from each 2 to 2}^ liters of neutral solution, it is necessary 
to remove cadmium down to about 20 mg. perlite (f. e. 50 mg. per 100 gm. 
of zinc). In our practice, where 100 gm. of zinc are taken from each 500 
to 600 c. c. of solution, it is sufiioient if solutions are purified down to about 
80 mg. cadmium per liter. 

The speed of the reaction between the zinc dust and the other metals 
in solution is greatly accelerated by increased temperature.' For this 
reason we have adopted the system of conserving the heat in the solu- 
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tion coming from the filter and also of agitating with zinc dust as far as 
possible out of contact with air. Not only is oxidation thus minimized, 
but relatively high temperatures are maintained and reactions occur that 
would be almost infinitely slow at lower temperatures. The precipitar 
tion of cobalt and nickel is a ease in point. Another notable reaction 
is the dissolving of the excess zinc dust in the hot zinc-sulfate solution 
(yielding hydrogen and basic zinc sulfate). By correcting the basicity 
of the solution with the addition of a small quantity of return electrolyte, 
almost all of the zinc dust is brought into solution. This fact has an 
important bearing on ultimate plant recovery, because in ordinary low- 
acid practice a considerable amount of zinc is left in the purification 
residues, necessitating a quite elaborate retreatment system. 

After precipitation of copper etc., the solution is clarified through iron 
filter presses and goes forward to storage whence it is fed into the elec- 
trolytic circuit as required. 

Electrolyzing Division of Plant 

In the electrolyzing division, what appears to the visitor as the most 
striking feature of the high-acid practice is the different character of the 
zinc deposits. The combination of strong acid, high current density, 
and colloid gives a peculiar type of deposit that can be instantly recog- 
nized and distinguished from low-acid zinc (Fig. 11). As Laist sajrs,*® 
low-acid zinc is “apt to be porous to some extent and one side is covered 
with sprouts on raised spots.” High-acid zinc, on the other hand, is 
smooth, homogeneous, and dense. It is even possible to obtain deposits 
that are bright and lustrous like polished silver and show no apparent 
trace of crystalline structure. It was, in fact, this remarkable phe- 
nomenon (which we stumbled on accidentally) that first drew our 
attention to the then xmexplored combination of strong acids and high 
current densities. 

The theory of this subject is of great interest but it has already been 
dealt with in other papers, to which those interested are referred. It 
may be said that the primary factor is the increase in hydrogen over- 
voltage arising from the high current density. The high overvoltage is 
maintained by a number of other factors, which tend to keep the deposit 
smooth and so hold up the current density per unit of surface exposed. 
Chief among these factors are high solution conductivity, rapid upward 
circulation of the solution past the cathode (caused by the high current 
density), and the presence of a colloid that restrains the crystalline 
growth of the deposit and itsdf increases hydrogen overvoltage. 

Hydrogen overvoltage, in fact, may be said to be the be-all and 
end-all of dectrolytio zinc. A high overvoltage is the be-all, and a 
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low one the end-ali of the zinc deposit. The finish of a zinc deposit comes 
as soon as the surface becomes so rough that the current density per unit 
of exposed surface falls below the critical protective value. Then 
re-solution sets in. 

It has often been assumed that the use of a high current density 
entails a high power consumption; if the conductivity of the solution is 
sufficiently high, this is not the case. For example, the average voltage 
drop across one of our cells at 100 amp. per sq. ft. and 28 per cent, acid 
is 3.6 volts. According to Laist, the voltage at Great Falls at 30 amp. 



(a) (6) 

Fig. 11. — Sections op alcmintjm cathode sheets at solution line, showing 

DEPOSITS BBFOBB STEIPPINQ. (a) TtPICAL 48-HR. LOW-ACID ZINC DEPOSIT; (6) TYPICAL 

24-hb. high-acid zinc deposit. 

per sq. ft. and 10 per cent, acid (i. e. maximum conductivity) is 3.8 
volts. Assuming equal current efficiencies, therefore, the high-acid 
conditions would show an advantage, although a slight one. As a 
matter of fact, the current efficiency in the low-acid electrolyte is usually 
rather low (as Laist says 75 per cent, is now considered good practice) 
whereas under high-acid conditions it is usually about 90 per cent. The 
actual power consumed for this case would therefore be 26 per cent, more 
at the low current density than at the high. 

The question of power consumption in zinc electrolysis, like most 
other metallurgical problems, is mainly a matter of balancing costs. 
The zinc-plant manager, by greater purification of solutions, more 
frequent stripping of cathodes and scraping of anodes, reduction of 
current density, close attention to feeding of cells, prevention of short 
circuits, etc., can, at any time, improve on the figures for terminal voltage 
and current efficiency just quoted. It is simply a question for each 
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particular case of whether the increased output of zinc and saving in 
cost of power are sufficient to offset the greater operating costs. 

Every zinc-plant operator will agree that by far the most important 
factors in the ultimate power consumption are the frequency, nature, 
and extent of cell-room troubles. Some trouble is, of course, to be 
expected when starting a new plant, and in ordinary low-acid electrolytic- 
zinc work the margirfs of safety are so narrow that one is skating on thin 
ice most of the time. A slight error in the purification department, 
introducing an amoimt of impurity so small that its chemical analysis 
may require 48 hr., will often spoil results in the cell room for several days. 
When using high-acid conditions, there is less variation in the power 
consumption per pound of zinc because the electrol 3 ^is is much less 
subject to disturbance. Not only do the conditions of the flow sheet 
inevitably rid the solutions more completely of impurities (such as 
arsenic, antimony, and cobalt) but the electrolytic cell is capable of 
dealing with much larger amounts of impurities in case they should, 
by any chance, be accidentally introduced. 

The increased stability thus conferred has been considered by some 
competent observers, notably C. A. Hansen, as perhaps the most im- 
portant of the advantages to be derived from the use of the high-acid 
process. It makes the operation of the cell room virtually independent 
of the character of the plant feed and thus permits the treatment of an 
important class of complex ores that, because of lowness of grade, high 
iron content, or presence of undesirable elements, are not wanted by 
either the zinc smelter or the electrolytic-zinc plant. 

Novel Features in Handling op High Current Densities 

The salient features of the apparatus that we favor are briefly given 
here without describing in detail the large amoimt of experimental 
work that has been done. It may be taken for granted, wherever our 
practice deviates from the standard, that the accepted form has been 
given a thorough trial and then discarded. At the same time, we must 
admit that the high-acid process with which we are working has been 
incompletely explored. So far as we are aware, there have been no 
operations of any magnitude except under the direct supervision of 
the writers. Any conclusions that may have been reached by others 
would therefore] have been [arrived at without the knowledge of 
operating details and mechanical equipment here presented for the first 
time — ^knowledge representing the result of several years’ work and the 
expenditure of large sums of money. This point is mentioned because 
there have sometimes appeared statements^® that might give the errone- 
ous impression that other plants had tested the high-acid process and had 

*0 See footnote 36. 
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obtained operating results of determinative importance, as compared 
with the data here presented. Being, therefore, the only workers with 
operating experience in this field, we feel there are still great advances 
to be made, as compared with the low-acid process which has been 
pretty thoroughly worked over for the last 20 years. There are un- 
questionably big improvements possible in mechanical equipment. 
We look forward to the time when human labor in the cell room will be 
almost entirely eliminated. 

At the Martinez plant, the electrolytic department consisted of 60 
cells in electrical series. There were four cathodes in a cell, each cathode 
taking 450 amp. Current was furnished by a 500-kw. generator set with 
11,000-volt sjmchronous motor. Cells are preferably of wood with lead 
lining, Fig. 12. Fixed inside the cell is a set of grooved frames in which 
the cathode sheets slide. These frames are made of wood soaked in 



Fig. 12. — ^Pabt op cell boom at Martinez showing arrangement for simxjl- 

TANBOirSLY DRAINING ALL CELLS IN CASE OP POWER SHUT-OPP; ALSO ARRANGEMENT 
FOR LUTING AND HOLDING OT7TCOMING CATHODES UNTIL DRIPPING HAS CEASED. 

paraflSn wax to protect them against the action of the acid. The gi*ooves 
are beveled at the top, where they project above the solution, in order to 
facilitate the introduction of the cathode sheets. When the cathode is 
in place, it is protected all roimd the edge for about K “i. These frames 
take the place of the wooden strips ordinarily placed round the edge of the 
cathode before immersion. The frames eliminate the labor necessary 
for this operation and, in addition, line up the electrodes accurately in 
the box, insuring even distribution of current and eliminating short 
circuits. The anode sheets are made a little larger than the openings in 
the frames so that it is impossible for them to swing into contact with the 
cathode. This, together with the relatively small size of the electrodes, 
makes it possible to cany a much closer spacing of electrodes than would 
be otherwise possible. 
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The anodes are of lead; but instead of being made of a plain sheet 
they are perforated below the solution line so that about 50 per cent, of 
the area is taken out, Mg. 13. Two of these sheets are used between each 
cathode so as to make a double anode having a space of about 1 in. between 
the lead sheets. This arrangement gives reduced terminal voltage, better 
circulation of solution, and less acid spray in the air. Anodes are hung 
from a copper bar, lead covered except at one end, where it fits into a 
tapered slot in the busbar. 

This form of contact is also used for the cathodes. After an investi- 
gation, which covered all the metals commercially available in sheet form, 
aluminum sheet was adopted for the cathodes, thereby unwittingly 



Fra. 13. — ^Ttmi of anodb uskd foe Fia. 14. — ^Ttpe of cathodb used foe 
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confirming the conclusions of Cowper Coles nearly 20 years before, Mg. 
14. The proper method of leading in the current gave a good deal of 
trouble, as it still does at the other plants. Various methods of riveting, 
soldering, and welding the copper bar to the aluminum sheet were tried, 
but after a few weeks’ service, these joints always gave way and became 
oxidized, giving rise to hot connections and wasted power. Eventually, 
at the suggestion of Walter C. Smith, the form shown was adopted; the 
cathode is cut from a single sheet and the top is rolled over three times to 
give it rigidity. The tendency of the aluminum to arc on breaking con- 
tact was overcome by plating with copper the end that fits into the slot in 
the busbar. This gives a contact that is always cool and reduces to a 
mim’mum the inter-cell busbar loss. 

The cathodes at Martinez had an immersed area 14 in. wide and 23 in. 
long, making a total area of 4.46 sq. ft., counting both sides; the normal 
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operating current for this cathode is 450 amp. It is doubtful whether it 
vrill pay to increase the size of these sheets very much in larger installa- 
tions on account of the large percentage of the total current that each sheet 
would take. In the plant now under consideration it is proposed to use 
a cell circuit of 8000 amp. with ten cathodes, each of 8 sq. ft. immersed 
area. The active area will measure about 21 in. wide and 27 in. long, 
and a 24-hr. deposit will weigh about 5.8 lb. per sq. ft. or 46 lb. per 
cathode. 

The stripping of high-acid zinc is remarkably easy. It is well known 
that stresses are set up in a metal during electrodeposition; and if the 
metal is sufficiently dense and strong, these stresses may reach a value 
of several tons to the inch. It is these internal stresses that ultimately 
cause the detachment of a thick deposit from the starting sheet. On 
account of the exceptional strength and solidity of high-acid zinc, this 
phenomenon comes into play and a relatively slight jar is aU that is 
required to cause the two zinc sheets to fall away from the alumi- 
num cathode. 

The system of feeding solution to the cells differs from standard 
practice. The cascade system, usual in electrolytic practice, was tried 
and abandoned in favor of the method here shown. The solution in the 
eleetrolyrtic circuit is circulated constantly through all cells in parallel, 
down to a sump, then pumped back to the cells, passing throi^h a cooling 
system on its way. All neutral solution is fed at one point — ^the ceU 
sump — ^and all return electrolyte is withdrawn from the same point. 
Solution is circulated rapidly* and the volume of the cells is so small 
(on account of the high current density) that the increase in acid strength 
in passing through a cell is slight. Conditions in all cells are, there- 
fore, kept uniform as to both temperature and acid strength without the 
necessity of individual attention. This is an important factor from the 
point of view of both metallurgical performance and operating costs. 

The temperature conditions in the cell bringup some interesting points. 
The enei^ theoretically required to precipitate one ton of zinc from any 
sulfate solution, assuming no losses, amounts to about 1760 kw.'-hr. per 
ton of zinc. All energy used in excess of this amount will appear as heat 
and, unless tbs heat is in some way dissipated, the temperature of the 
electrolyte will rise rapidly to boiling pomt. 

As hydrogen overvoltage, and consequently current efficiency, falls 
with moreasmg temperature, it is necessary to keep the cell temperatures 
within certain limits. Ralston" says ; “ The conclusion is mevitable that 
low temperature is most favorable to the operation of the mnr» ceU.” 
Experience has indicated temperatures of 75®-100'’ F. as most favorable to 
good performance. Except m cold weather, the radiation from the cells 
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does Dot dissipate sufficient heat to keep temperatures down to this 
point; consequently the practice of cooling the electrolyte in hot 
weather by means of lead pipes containing cooling water b fl i S been 
universally adopted. 

At some plants, these cooling coils are placed in the cells, at others, 
they are placed in boxes between the cells and the solution is allowed to 
circulate over them. In our case, the amount of heat to be dissipated 
for a given output of zinc is less than at other plants and as the ce^ are 
much smaller the area exposed to the air is less. This may be advantage- 
ous or otherwise according to whether the air temperature is higher or 
lower than the cell temperature. At Martinez, in summer, the air 
temperature ranged up to 105° F. with a high humidity; as we were 
holding cell temperatures below 95° F., heat was actually being absorbed 
into the cell system from the air. 

These high summer temperatures led to high temperatures (up to 
85° F.) in the cooling water, and considerable work had to be done to 
evolve a cooling s3rstem that would operate efficiently imder these extreme 
conditions. A peculiar feature of the problem is that the ' solutions 
deposit manganese dioxide and calcitun sulfate on any cold surface; 
provision must, therefore, be made for the ready removal of this deposit 
from any cooling system. Cooling in trickle towers, by coils in the 
electrolytic cells, and by circulation of the solution^through pipes 
immersed in water were all tried and gave continuous trouble on account 
of the formation of these deposits. The problem was solved by running 
the solution down a wide launder in the bottom of which were laid lead 
pipes supported on wooden slats. The cooling water flowed through 
the pipes counter to the flow of solution. Any deposit that may form 
on the pipes can be readily removed by brushing with a stiff broom 
without interrupting operations. The formation of the deposit may also 
be reduced or prevented by laying a piece of zinc in contact with the 
pipes or by applying a small negative voltage, as is done in the prevention 
of boiler scale. 

Each cell must be supplied with sufficient cooled solution to keep its 
temperature within the required limits. For instance, a cell using 8000 
amp. at 3.6 volts will be taking 28.8 kw., of which 18.7 kw.is being chemi- 
cally absorbed while 10.1 kw. appears as heat. Where the room tempera- 
ture is substantially less than the cell temperature, a large part of this 
heat is dissipated by radiation, convection, evaporation, etc. Assume, 
however, that in very hot weather none of the heat is so dissipated, and it 
is required to maintain a temperature of not over 95° F. in the cell, and 
suppose that the water entering the cooler pipes is 65° F. and that the 
cooled solution fed to the cells is at a temperature of 70° F.; solution 
then rises 25° F. in its passage through the ceQ. The heat carried away 
amounts to 10.1 kw. or 579 B.t.u. per min. Each cell will, therefore, be 
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kept within the proper limits by the feeding of a little less than 3 gal. per 
min. of cooled solution at the feed end. 

A similar calculation will give the maximum amount of circulating 
solution and cooling water for anj' given condition. Solutions are circu- 
lated by hard-lead centrifugal pumps of standard design, which work very 
satisfactorily. The power used amounts, ordinarilj', to less than 0.5 per 
cent, of the electrolj-tic power used. 

During the electrolj'sis, manganese is precipitated throughout the 
solution. The precipitation appears to arise as a result of the formation 
at the anode of permanganic acid, which reacts with manganous sulfate, 
as in the Volhard determination of manganese. This is shown by the 
fact that a filtered sample of our cell solution will gradually become turbid 
with manganese dioxide on standing. 

When using low-acid electrolysis, the manganese dioxide is precipi- 
tated as a crust on the surface of the anode and gradually raises the 
resistance of the cell. Laist“ says “We insist that this manganese dioxide 
deposit must be removed at least once every six weeks.” 

This effect does not occur when using high-acid electrolysis and high 
current densitj', unless the anodes are allowed to stand in the solution 
without any current on them. When this happens, the lead-peroxide 
coating on the anode reacts with the manganous sulfate in the solution 
to form a crust of hlnO* and PbSOi, which adheres to the anode. We 
encountered this effect at Martinez and for a time did not realize the 
cause. We were using only three cathodes in a cell where provision had 
been made for five. One cathode was drawn from each cell at a time, 
but before it was drawn another cathode was put in place of the empty 
spaces between the anodes. This meant that the anodes were used 
intermittently, under which conditions a crust formed over the surface 
of the anode, which raised the voltage by almost 0.5 volt per cell. When 
the trouble was diagnosed, arrangements were made to keep the current 
on the anodes continuously, which immediately corrected the difficulty. 

The manganese dioxide comes down in an extremely fine state of 
division at the bottom of the cells. Provision was made at Martinez 
for occasionally sluicing out, collecting, filtering, washing, and drying 
this manganese dioxide, which was readily sold for 10 c. per lb. The 
manganese dioxide produced amounts normally to about 4 per cent, of 
the weight of the electrolytic zinc. 

During the electro^is, ^ue solution is added to the electrolyte at 
the circulation sump to the extent of 3 lb. of glue to the ton of zinc pro- 
duced. Glue, or some similar colloid, is absolutely essential to the pro- 
duction of smooth deposits of zinc at high current densities, no matter 
how pure the solutions may be. “In fact the use of colloid in the zinc 
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cell rests on a sound scientific basis. It tends to raise the overvoltage of 
hydrogen both at a zinc surface and at surfaces of other metals — a, point 
of especial importance since all commercial solutions contain relatively 
considerable quantities of impurities. It restricts the crystalline groviih 
of the metal and thus restrains the formation of trees’^ which otherwise 
form rapidly and, by increasing the surface area, lower the current density 
and consequently the hydrogen overvoltage of the whole surface.'^^® 

The presence of glue, together with the double anodes, also tends to 
eliminate the nuisance of sulfuric-acid spray or mist in the atmosphere 
of the cell room. This spray, at low-acid plants, causes considerable 
deterioration of equipment. Laist states that when aluminum sells for 
60 c. per lb., the deterioration of aluminum cathodes from this cause 
amounts to 76 c. per ton of zinc produced. Elton and Caples^* attribute 
this mist to the bursting of hydrogen bubbles caused by the re-solution 
of zinc, saying that it is “directly proportional to the amount of impurities 



FiQ. 15 . — OlL-PIBBD ZINO-MELTING FUBNACB AT MabTTNBZ, SHOWING CABLOAD 07 
ZINC SLABS BBADT FOB SHZPMBNT. 

in the electrolyte . . . with pure solution little if any mist is given 
off.’^ Laist states that, at Great Falls, “there is at all times a mist of 
this dilute sulfuric-acid and zinc-sulfate solution in the air.” The use of 
nose masks by workmen is, therefore, compulsory. 

The melting of the zinc cathodes raises some interesting problems. 
While high-acid zinc, being denser, is easier to melt than low-acid zinc, 
it is diflScult to avoid considerable oxidation unless ammonium chloride 
be used as a flux. The use of ammonium chloride is objectionable, 

See footnote 8. 
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because the dross cannot then be returned to the leaching circuit without 
a purification treatment to eUminate chloride. At the low-acid plants, 
4 to 6 per cent, of the gross zinc output goes in this way. 

The main problem in the melting of zinc arises from the fact that no 
matter what sort of a container be used for holding the metal, the zinc 
oxide tends to form an insulatmg layer between the zinc metal and the 
source of heat. Moreover, all electrol 3 d;ic zinc contains many times its 
own volume of occluded hydrogen, so that, as the cathodes are pushed 
below the surface of the molten metal, this gas is evolved and forms a 
metal froth that oxidizes very readily. 

The melting at Martinez was done, intermittently, on lots of about 
60 tons of cathodes, using a small oil-fired reverberatory furnace, Fig. 16. 
Jfo ammonium chloride was used and all dross was returned to the 



Fro. 16. — EUBCTBIC FUBRAOB OP NEW TTVB A.T TEST PLANT OF BuNEEB 
HTLT. & SULLITAN MlNINO CO., EeLLOCTO, IoA. 

leaching circuit. This method, however, was expensive and unsatis- 
factory because, as soon as it was attempted to obtain any considerable 
output of zincfromthefumaee, temperatures had to be raised and the dross 
formation then increased. 

We have, recently, designed an dectric furnace for the melting of 
cathodes which, though only in the experimental stage, gives promise of 
eliminating the present weaknesses. Fig. 16. It consists of a cylindrical 
drum 2 ft. in diameter and 30 in. long lined with firebrick. The heating 
element consists of a loop of 2-in. calorized iron pipe shaped like a hairpin, 
the two ends of the loop being brought out through a circular plate of 
transite board, which closes a hole in the center of the back plate of the 
drum. The loopjs bent at an an^e so that it is out of the way of the 
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zinc feed at the other end of the furnace. The ends of the pipe are con- 
nected with an air-cooled transformer stepping down from 2300 volts 
to 5, 7.5, or 10 volts as required. 

The zinc cathodes are passed through a pair of toothed rolls and 
broken into pieces about 2 in. square. The broken zinc is then fed in by 
a box-piston type of feeder placed in the center of the other end plate. 
The furnace can thus be made air-tight except for the air carried in with 
the broken zinc. 

During operation, the drum is continuously rotated, except when zinc 
is being tapped. In this way, the heat is absorbed by the lining and 
carried round into contact with the molten zinc, no matter how much dross 
may be over the stirface of the metal. Temperatures throughout the 
whole sj^tem are kept uniform and the danger of any heating or volar 
tilization is avoided. The rolling movement of the drum tends to agglo- 
merate the metallic particles so that what dross is formed is free from 
shot metal. Results secured show a dross loss of only 2.6 per cent, of 
the cathode weight and it is expected to improve on this figure when the 
furnace is made more air-tight. 

This type of furnace appears to have a large capacity and may be 
arranged for aU-meohanical handling of the zinc, as regards feeing, 
tapping, and casting. On accoimt of the low temperatures involved, 
there should be a low maintenance cost; neither should the first cost be 
excessive. Our present data indicate that a 25-ton furnace, complete 
with transformer, would cost less than $4000. 

Capital Cost 

There is no question that the high capital cost involved in the low- 
acid plant has been a prime factor in limiting the production of electro- 
lytic zinc in this coimtry to the two large plants (at Great Falls and 
Trail) that were erected, and paid for, xmder the stimulus of wartime 
zinc prices. A recent Mines Bureau bulletin" thus expresses it: “With 
the perfection and standardization of the electrolytic process has come a 
better realization of its limitations, especially the necessity for large- 
scale operation and the difficulty of obtaining high extraction.” 

With the high-acid process, the capital cost can be materially reduced. 
We have already quoted the Anaconda experience, which indicates that 
the roaster installation cost for a given zinc output will be reduced not 
only on account of the higher recovery of zinc but because of the greater 
capacity that can be obtained from a roasting furnace. As regards the 
leaching department of the plant, it is only necessary to compare the flow 
sheet of the high-acid process (consisting of four steps) with that of the 
low-add process (with twenty-four steps). Also it should be remembered 
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that the quantitj’ of solution handled through the leaching plant, agitators, 
filters, purification, etc., is from four to eight times as great with the 
low-acid process as with the high. 

In the electrolytic department, increasing the current density four 
times gives a considerable reduction in size of plant. Hansen says** 
“The cost of the cell room is almost inversely proportional to the current 
density used.” In the power generating department, the lower average 
power consumption per unit of zinc and the more uniform and stable 
conditions of electrolysis (allowing a high load factor) tend to give a 
material reduction in the capital cost for the high-acid process. 

It is in improved metallurgical results rather than in lower capital 
costs that the process finds its greatest justification. Especially is this 
so in connection with the treatment of the more complex or difficultly 
separable zinc ores containing excessive amoimts of copper, iron, arsenic, 
antimony, cobalt, or soluble silica. Evidence that the high-acid process 
possesses certain fimdamental chemical advantages in the treatment of 
these problems has been given here, also that the process can be worked 
efficientlj' and continuously in large-scale plant operation. 

The point we wish to emphasize, in conclusion, is that the work that 
has been done has served only to show the extent and the richness of the 
field. With the advent of other workers and greater experience in 
operation, results should be obtained as much better than those here 
given as the performance of, say, the Trail zinc plant today is better 
than the performance of 6 or 7 years ago. This we hope to demonstrate 
at the new plant, which the Bunker HiU & Sullivan Mining & 
Concentrating Co. is to erect in the near future. 
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W. G. Woolf, Kellogg, Ida. (written discussion). — ^The investigation 
by the Bunker Hill & Sullivan Mining & Concentrating Co. on the com- 
plex zinc-lead-silver ores of the Coeur d'Alene district was undertaken 
with the thou^t that the advancement in concentration, attributable in 
large part to flotation, together with the development of the electro- 
metaUurgy of zinc opened up a metallurgic method by varying combi- 
nations of which these ores could be successfully reduced. Within the 
limits of this discussion, it is impossible to set forth the scope of the 
Experimental work that has been done to determine this. Ores repre- 
sentative of the various types in the district were concentrated in a test 
mill and the zinc concentrates were treated in an experimental electrolytic 
zinc plant. In the operation of this experimental zinc plant, following 
the established practice in operating plants, two difficulties caused by 
impurities in the zinc concentrates developed: silica gelatinization and the 
presence of cobalt in excessive amounts. 

Silica Problem . — When the zinc concentrates were roasted and leached 
the resulting solutions carried unprecedentedly large amounts of soluble 
silica, so far as the writer knows. Hansen^’^ has said that soluble silica 
could generally be traced back to naturally oxidized ores or to lime rock, 
etc., used for the purification of solutions. Considerable work was done 
to determine the source of the soluble silica, the cause of its formation, 
and to find means of minimizing the trouble incident to its presence in 
the zinc plant. The writer had the cooperation of Mr. Hansen for much 
of this work and it is hoped to public in the near future the results 
of this investigation! Among the conclusions, it was found that the 
soluble silica originated in the roasting operation and that no practical 
variations of the restricting conditions as regards temperature, time of 
roasting, permissible air supply, etc., when roasting zinc concentrates, 
prevented its formation in excessive amounts. 

An attempt was made, in the milling of the ores, to eliminate the 
silica from the zinc concentrate. This was successfully accomplished 
especially on the types of ore, the component minerals of which are what 
may be called rather coarsely crystallized. The mineral constituents, 
however, of some of the complex ores of the Coeur d'Alene district are so 
minutely subdivided that extremely fine grinding is essential to make 
them separable.^* The desire was for a reduction process of sufficient 
flexibility to treat the concentrates of the grades that would possibly 
be made in practical milling; and, while every effort was exerted to 
improve the concentration practice as far as possible, an attempt was 
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made to secure a zinc-plant process that would not have to depend so 
closely on the elimination in the concentrate feed of elements deleterious 
to the electrolytic process. This course was adopted because in the past 
grade has been the impelling factor in the mining and milling of western 
lead-zinc ores. The returns from the sale of concentrates have depended 
so closely on grade, and deductions for elements hurtful to the reduction 
processes have been so onerous that the concentrator has had to make 
exceptionally dean concentrates. The inability to do so economically 
has been an important reason why the more complex deposits have not 
been exploited. To limit the permissible amount of insoluble below a 
fixed low percentage shifts the problem from the zinc plant to the con- 
centrator and, in the nuUing of the microcrystalline ores, throws a heavy 
burden on the latter. 

Our efforts in this direction were frustrated when tests indicated, 
in the treatment of some of the finely crystallized ores, that an insoluble 
content of less than 2 per cent, in the concentrate resulted in solutions 
carrying an excessive quantity of soluble silica, if no other means were 
taken to cope with the soluble silica than those used in the operating 
electrolytic zinc plants. A special treatment to condition properly or to 
eliminate the dissolved silica appeared to be essential. 

Cobalt Impurity . — Cobalt has been found in all the solutions resulting 
from the leadiing of roasted Coeur d^Alene zinc concentrates. Above a 
certain amount, cobalt in the electrolyte prevents successful electrolysis. 
Our experience has been that the solutions above-mentioned contain 
cob^dt in excess of the allowable maximum limit, so that the flow-sheet 
for a zinc plant deriving its feed entirely from Coepr d'Alene concentrates 
must provide for the elimination of cobalt at each cycle of the solution 
through the plant. 

In addition to other advantages which this paper has clearly set forth, 
it was claimed that the Tainton-Pring high-acid high-density process 
overcomes the difficulties caused by both silica and cobalt; it therefore 
appeared to be particularly adaptable for the treatment of Coeur d'Alene 
ores. The paper discusses the results of the treatment of some represen- 
tative Coeur d'Alene ores by this process at the Martinez plant and 
mentions tests on other ores from this and other districts carried on in the 
test plant of the Bunker HiU & Sullivan at Kellogg. In this latter plant, 
concentrates differing widely in composition have been treated; these 
contained varying percentages of both silica and cobalt. The con- 
centrates vari^ from 57 to 20 per cent, zinc, 4 to 35 per cent, lead, 0.5 
to 25 per cent, insoluble, and 2.5 to 15 per cent. iron. In Coeur d'Alene 
concentrates, the smallest amoxmt of cobalt found in the leach solutions 
was 15 mg. per liter, 30 mg. per liter may be taken as the average, and 
150 mg. has been noted. We had a successful run on a concentrate from 
which was dissolved 300 mg. per liter of cobsdt. 
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ComparaHve Advantages of Process . — The recovery figures for this 
process, some of which are given in the paper, invite a comparative study 
of the electroljrtio process and the present-day retort process — too lengthy 
and involved a subject to be more than mentioned here. It appears to 
the writer that the electrol 3 rtic process, with the improvements in practice 
which he sees im m i n ently realizable, is developed to such a degree that 
it has a decided advantage over the retort process in treating the highest 
grade concentrate from the Tri-State field. The difficulty of obtaining 
high extraction, which has been pointed out as a limitation of the elec- 
tiol 3 dic process,*’ does not pertain to the h^h-acid high-density process; 
indeed, the increased recovery of zinc by that process over that obtained 
in retort practice is responsible mainly for the statement just made. In 
a test, in the experimental plant, on a concentrate of 53 per cent, zinc 
97 per cent, of this metal was extracted. 

The advantage accruing by reason of greater metal recovery increases 
as thfe grade of concentrate offered for treatment is lowered. This is 
true also for the treatment cost, which is lowered for the electroljrtio 
process but increases for the retort process when the grade of concen- 
trate is decreased. One of the known facts about the Tri-State field is 
that far too much zinc is lost in the mill tailings.” As the problem is the 
separation of blende from flint, it is presumed that in the effort to make 
standard 60 per cent, concraitrates, the mines and mills accept much 
lower zinc recoveries than they could readily obtain if they made lower 
grade concentrates. The ability of the future eleetroljrtio-zinc plant to 
treat lower grade concentrates than is now possible shoidd have a decided 
influence on the economics of zinc production in this field and should 
increase its productivity and length of life. 

C. A. Hansen, Schenectady, N. Y. (written discussion). — ^The writer 
some time ago ventured some opinions regarding soluble silica in sulfide 
ores** which he has since found reason to modify. Certain finely inter- 
crystallized lead-zinc sulfide ores from the Constitution mine in the 
Coeur d’Alenes contained no silica soluble in reasonably concentrated 
sulfuric acid. These ores, when roasted, jrielded excessive amounts of 
soluble silica in the zinc leaching plant. Some of the silica was unques- 
tionably rendered soluble in the roasters, and there appeared to be 
sufficient relation between the amounts of silica, lead, and soluble silica 
in the calcines to warrant the belief that a readily broken down lead 
silicate was formed in the roasters. 

Seven ore samples were roasted simultaneously in a small laboratory 
muffle for 3^ hr. at 600-700® C. A second lot of ei^t samples were 

O’Hana: Bor. of Minas BvlL 20& 
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similarl}’ roasted for 8 hr. at about the same temperatures. The amount 
of soluble silica obtained was approximately proportional to the product 
of the silica and lead contents of the respective calcines when a given 
roasting treatment was involved. The results are given in Table 1, the 
calculated soluble silica” being based upon the assumption that 

(Si02 X Pb) X constant = soluble silica 

This, of course, is merely a questionable application of the mass action 
law to a condition where equilibrium was not attained nor, perhaps, even 
remotely approached. 

The soluble silica was taken into solution in very dilute sulfuric acid as 
readily as the zinc oxide. 

Table 1 


Analysis of Calcine, Per Cent. j Soluble Silica, Per Cent. 


Sample , Zinc 

1 1 

j ; 

• 

1 Lead 

Silica 1 Determined 

Calculated 

1 Total Soluble 

1 



"PL y mo 

Roasted 3^2 hr. ^ = soluble silica 


1092 

1040 

1127 

1019 

993 

887 

961 

37 3 

47 0 

42 9 
i 44.0 
, 44 3 

i 52,7 

1 59.3 

i 

' 30 6 

1 40 5 

1 39 0 

i 40.4 

41.7 

47.7 
55.4 

i 18.6 

j 12.7 

1 19.4 

13.4 

1 16.3 

1 16.2 

I 

8.13 

11.75 

6.70 

7.71 
3,55 

1.72 
3,07 

2.7 

1.6 

1.6 

1.7 

0.7 

0.6 

0.3 

2.2 

2.1 

1.9 

1.6 

0.9 

0.4 

0.05 

Roasted 8 hr. 


Pb X SiO, , . , 

51 « soluble sihca 

34 



200 

1 1 

; 33.0 

1 

29.8 

12.8 

24,9 

10.0 

9.4 

220 

1 32.5 

29.7 

13.8 

22.4 

9.9 

9.1 

316 

j 33.5 

30.3 

17.0 

17.6 

9.1 

8.8 

306 . 

31.9 

29.4 

12.2 

24.1 

7.0 

8.3 

226 

1 33.1 

30.1 

10.7 

1 24.3 

9.3 

7.7 

66 

44.1 

40.0 

16.3 

9 2 

4.4 

4.4 

1128 

40.8 

34.2 

20.7 

7.4 

4.7 

4.4 

1150 

37.3 

1 

i 30.9 

23.0 

1 

6.1 

3.4 

4.1 


The fonnation of lead silicate is probably dependent on diffusion of 
lead oxide (or sulfate) into silica. The rate of reaction at a given tem- 
perature is probably proportional to the product of the concentrations 
of the reacting molecular species but the proportionality constant, 
denoting the rate of reaction, will certainly decrease with decreasing 
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contact area between the lead and silica, i. with increasing grain or 
crystal size. It seems to the writer that this is consistent with the 
observed behavior of the Park City ores, which yield very little soluble 
silica in spite of the fact that they contain considerable lead and silica, 
both in large crystal aggregates. 

When Tainton and Pring first published their results with extra- 
ordinarily high acid concentrations and current densities in zinc electroly- 
sis, in common with others engaged in zinc work at the time, I felt that 
the data were of little practicable value. To obtain such acid concentra- 
tions from initially neutral solutions involved supersaturation at room 
temperatures, which I believed to be impracticable. 

I believed that there were two primary reasons for the Tainton and 
Pring development, both of them rather unsound: First, it seemed that 
the high current densities were intended to combat the prevailing opinion 
that electrolysis was an essentially slow process in spite of the fact that a 
single 9 by 3 ft. cathode at 25 amp. per sq. ft. current density should 
remove more than 3 tons of zinc a year, whereas the much more cumber- 
some retort averages not more than 4 tons per year from higher grade 
raw materials. Second, the cost of the cell room was considered to be 
unduly high and increasing the current density from 25 to 100 will 
decrease the cost of cell room about 50 per cent. But, an electrol 3 d;io 
plant involves investment in both primary power and metallurgical plant. 
Of the total investment, about 40 per cent, is in the metallurgical plant, 
including its converter substation. Increasing the current density from 
26 to 100 should reduce the total investment by about 6 per cent. — ^not 
enough to warrant jeopardizing the entire investment by chasing rain- 
bows. This was an unfortimate judgment and I feel better for having 
acknowledged it when I saw Tainton at work in his Martinez plant 
in 1920. 

The present paper brings out the essential fact that the high current 
density is rather incidental; the requirement is a high acid concentration 
for leaching and the high current density is essential to make the high 
acid concentrations practicable. 

I know, from experience, that hot solutions are better than cold 
solutions in the leaching plant and that dense solutions are preferable to 
dilute solutions but I have had no experience with such concentrated 
solutions as Tainton uses. It seems to me that one of the more important 
advantages of such concentrated solutions is their tendency to dehydrate 
colloidal jelh'es. The amount of water retained in silicic acid precipitated 
from zinc-sulfate solutions falls off much more rapidly with increasing 
zinc concentration than I expected from the reported vapor pressures®* of 
silica gels and the vapor pressure of zinc-sulfate solutions®* on the assump- 

** jSSfflgmondy, Bachmazm, Stevenson: Zeit, Atwtq. Chemm (1912) 76, 194, 
Landoldt Bemstdn tables. 
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tion that the gel and solution would be in vapor pressure equilibrium. 
The hydrolysis of ferric sulfate in zinc-sulfate solutions is noticeably 
displaced by a variation of 10 gm. zinc in the range 70 to 100 gm. zinc 
per liter, hydrolysis being more complete in the more dilute solutions. 

The more concentrated solutions of Tainton, perhaps more by reason 
of high temperature than by reason of high concentration, are more 
readily purified than colder and more dfiute solutions, and the higher 
yield of zinc per unit volume of solution makes it possible to spend more 
in thoroughly purifying unit solution volume. I believe that Tainton’s 
solutions are purer than the average commercial electrolyte for this 
reason. If, in addition to this, the use of the very high acid concentra- 
tions and very high current densities render one further immune to the 
effects of impurities in solution, there is much merit in the process as 
a whole. 

Tainton and Leyson refer to the work of Biltz on the adsorption of 
arsenic upon ferric hydrate. I published some data on this same phe- 
nomenon^ transcribing the Biltz data for adsorption of arsenic by ferric 
hydrate in water and comparing them with the adsorption of antimony 
upon ferric hydrate in zinc-sulfate solutions. I am quite certain that 
a^rption, not alone on ferric hydrate but on aluminum hydrate and 
silicic acid to a lesser extent, must be relied on for the elimination of 
these impurities. 

In connection with the use of intermittent filter tjT^s in the leaching 
plant, we used a simple device at Bully Hill for determining when to cut 
off wash-water supply. We wrapped solder around two incandescent 
lamp bulb bases imtil they would sink in solutions of 1.05 and 1.02 
specific gravity. These were kept in a small receptacle into which the 
press filtrate was discharged. So long as both bulbs floated, we paid no 
attention to the filter; when one sank we stood by for the second bulb 
to sink and then cut off feed water. This device proved to be both simple 
and effective. 

Sblwtit G. Blatlock,* Trail, B. C., Can. (written discussion). — ^Dur- 
ing 1923, the ampere efficiencies for the Trail zinc plant were 90.53 per 
cent, in No. 1 tank room and 91.36 per cent, in No. 2. These are the 
averages for the entire year and were made on 48-hr. cathodes; they 
include every bit of power put into the plant. 

M ,Am. Electrochem. Soc. Trans. (1923) 44, 485. 

* General Manager, Consolidated Mining and Smelting Gompanv of 
Canada, Ltd. 
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Greenawalt Electrolytic Copper Extraction Process 

By William E. Gbeenawalt, Dbnvbb, Colo. 

(New York Meeting, February, 1924) 

Ever since electrolytic copper refining gave promise of success, about 
a half century ago, efforts have been made to apply the idea to the extrac- 
tion of copper from its ores. The methods of attack have, usually, 
been to leach with a dilute acid and then to deposit electrolytically the 
copper from the resulting solution with the simultaneous regeneration 
of the solvent used in the process. Many efforts have been made, and 
many patents have been taken out, both in the United States and abroad, 
to give this idea practical application, but only within the past few years 
have the difficulties been surmounted. 

Leaching and electrolysis, as applied to copper ores, are among the 
most promising fields in modem metallurgy. New conditions are 
arising, which will bring the wet methods into prominence; while high 
freight rates and increasing cost of fuel will tend to limit smelting to 
highly favored localities. The possibiKties offered by the installation of 
hydroelectric plants and the greatly enlarged range of power transmission 
will greatly widen the field of electrolytic methods. 

I3ectrol3rtic methods are ideally adapted to hydroelectric develop- 
ment, for the load is constant throughout the full twenty-four hours, and 
the cost of both installation and operation of hydroelectric plants is not 
appreciably greater when operating for twenty-four hours than when 
operating for eight or ten hours; whereas, in fuel-power generation, as 
also in smelting, the cost is more or less in proportion to the fuel and 
power used. Nevertheless, fuel-power generation presents advantages 
in electrolytic methods, as the power plant may be located in a favorable 
place while the leaching and electrolytic plants maybe located at the mine. 

The ultimate possibilities of the wet methods have yet to be deter- 
mined. The possibilities of smelting have been thoroughly worked out; 
there is no unsolved major problem in copper smelting, and it has practi- 
cally reached the limit of its possibilities. It seems hardly probable that 
any future improvement, either of method or apparatus, will greatly 

TOi., lixx, — 84 
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add to the economy of smelting. Including converting, smelting is 
simply a form of concentration and does not jield an end product salable 
to the ultimate consumer. 

The wet methods are making rapid progress. Ultimately, some wet 
method will be found the most advantageous and will receive general 
adoption. It is not yet evident what that method will be, but the indica- 
tions seem to point toward some form of leaching and electrolysis. 
Much progress has been made in the last ten years in the development of 
leaching methods; much more remains to be made. One by one pros- 
pective ideas pertaining to leaching and electrolysis are being cemented 
into a comprehensive and practical working process, free from unusual 
uncertainty either of installation or operation. 

In 1912, when my book^ was published, there was not a single electro- 
Ijiiic copper-extraction plant in successful operation. The book concludes 
with the following statement. 

The prevafling idea, especially in metallurgical literature, seems to be that the 
hydrometalluigical processes for the extraction of copper are applicable only to 
low-grade ores. But why limit them to low-grade ores? There is no reason why the 
wet methods have any limitations, either as to the grade of the ore, or its mineralogical 
composition, provided the process is chemically adapted. This adaption will, in its 
ultimate analysis, resolve itself down to the consumption of chemicals, the same as in 
chlorination, cyanidation, or smelting. 

Copper is one of the most readily soluble of all the metals, and one of the most 
readily precipitated either chemically or electrolytically. Theoretically, the solvent 
processes, especially the electrolytic processes, offer all that could be desired on ores 
chemically adapted: close extraction, cheap deposition, copper in its metallic form, 
saving of the precious metals, the installation of plants at the mine, which may be 
operated in any unit and without admixture of other ores or fluxes. With these 
theoretical advantages, it is reasonable to suppose that the chemical methods will 
ultimately be in as general use for the extraction of copper as the cyanide and 
chlorination processes now are for the extraction of gold and silver. 


Within the past ten years, several large leaching plants have been 
developed and put into successful operation. Among these are the 
Chuquicamata plant of the Chile Copper Co., in which more than 15,000 
tons of oxidized ore are treated per day, and the plant is to be increased 
to an annual production of about 225,000,000 lb, of electrolytic copper; 
and the plant of the New Cornelia Copper Co., at Ajo, Ariz., which has a 
capacity of 6000 tons of ore per day, with a daily production of 120,000 
lb. of electrolytic copper. It is claimed that the Chile Copper Co. is 
producing the^cheapest copper in the world, and that the New Cornelia 
Copper Co. is producing the cheapest copper in the United States. The 
Chile Copper Co, cost has recently been given as below 6 c. per pound. 

1 “The Hydrometalluigy of Copper.'' 1912. McGraw-Hill Book Co. New York, N. Y. 
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The Magma plant of the Utah Copper Co. has a capacity of 4000 tons 
per day, using sulfunc acid as the solvent and iron as the precipitant. 
The average grade of ore treated in these three plants ranges from 1.0 
to 2.0 per cent, copper. The Union Minifere du Haut Katanga, Belgian 
Congo, Africa, is considering the installation of a large leaching and 
electrolytic plant to treat its oxidized ores. 

The leaching plants now in operation are confined to low-grade 
oxidized ores. It is reasonably certain that the methods in use are not 
applicable to high-grade ores or concentrates, or to low-grade ores con- 
taining any considerable amount of iron, without radical modification. 

While cheap electric power, in conjunction with relatively high fuel 
cost, is a favorable condition for economic electric smelting, power 
consumption for electric smelting is a function of the amount of furnace 
charge, whereas the power consumption of electrolysis is a function of the 
amount of copper deposited. Electric smelting, as in the case of fuel 
smelting, requires fluxes and gives a product, such as matte, that requires 
additional expensive treatment to produce merchantable copper. In 
very large-scale electric-smelting tests^ made at Sulitjelma, Norway, it 
required about 700 kw.-hr. to smelt a ton of copper ore. The same 700 
kw.-hr. used electrolytically at, say, 2 volts per cell and an ampere eflSl- 
ciency approaching 90 per cent., would deposit over 800 lb. of metallic 
copper from a bivalent solution. It is, therefore, evident that electric 
smelting can successfully compete with leaching only in case the ore, for 
chemical or physical reasons, is not amenable to any known leaching 
process that wiU extract a high percentage of all the metals without too 
much preparation and excessive loss of solvent. 

With the ever-increasing, centralized, electric-power installation, both 
hydro and fuel, and the efficient, long-distance, transmission lines, 
cheap power may be made available in almost all mineralized localities. 
This, with the highly desirable constancy of electric-power load, is an 
incentive to use electrolysis as a step for extracting the metal from the ore. 

Methods of Extracting Copper prom Leach Solutions 

The methods of extracting copper from leach solutions in general 
use or contemplated, in practical application may be classified as follows: 
(1) Chemical precipitants: (a) metallic iron, (5) hydrogen sulfide, (c) 
sulfur dioxide; (2) electrolysis with insoluble anodes. 

Precipitation with Metallic Iron 

The precipitation of copper with metallic iron is the favorite method 
for denuding copper from discarded solutions from copper refineries 

* C. S. Witherell and H. E. Skouger: The Westly Electrie Furnace for Copper 
Smelting. Bng, & Min, JriL (1922) US, 356. 
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and mine waters. Its strong appeal is the cheapness and abundance of 
scrap iron. Its drawbacks, for general use as the main precipitant for a 
leaching process, are the Lrreclaimability of the solvent chemical and the 
iron; also the impure quality of the cement copper produced, which rarely 
exceeds 80 per cent, copper and is usually below 60 per cent. The pre- 
cipitated copper is also likely to contain other cementable elements, 
such as arsenic, antimony, and bismuth. In localities where scrap iron is 
scarce, sponge iron has been tried or contemplated; but even if sponge 
iron is made at the leaching plant from irony ores, the extraction costs 
will still be high, on account of loss of the solvent, which will have to be 
replaced by purchase or specially manufactured. It is difficult to make 
sponge iron containing more than 85 per cent, metallic iron; the remaining 
15 per cent, is mostly insoluble matter, which lowers the grade of the 
precipitated copper. Sponge iron, however, being very finely divided, 
is a quick-acting precipitant. It should not be assumed that any scrap 
iron may be conveniently used for copper precipitation; ordinary scrap 
iron is objectionable and many of the largest copper leaching plants use 
scrap “tin.” 

Whatever kind of metallic iron is used for copper precipitation, both 
the acid and ferric salts in the leach solutions must be practically neutra- 
lized at the expense of the metallic iron before the copper can be effec- 
tively precipitated. With neutral solutions, it takes, in practice, about 
1.0 lb. of iron to precipitate 1.0 lb. of copper; and in acid solutions, like 
those rejected from electrol 3 rtic extraction plants, it takes about 2.0 lb. 
of iron to precipitate 1.0 lb. of copper. The theoretical equivalents are 
0.875 lb. of iron per 1.0 lb. of copper. 

PredpitaUon with Hydrogen Sulfide 

Hydrogen sulfide is applicable to sulfate or chloride solutions. 
For every pound of copper precipitated, as cupric sulfide, from sulfate 
solutions, 1.45 Ib. of acid is regenerated. This is an advantage over 
iron precipitation and represents considerable saving. The precipitation 
with hydrogen sulfide is as effective with acid as with neutral solutions; 
ferric salts, however, are reduced before the copper precipitation is 
complete. The copper sulfide precipitate is voluminous and has to 
undergo extra metallurgical treatment to produce high-conductivity 
metal. Copper sulfide is not a desirable product for fusion refining, 
but there is no difficulty whatever in converting it into pure copper by 
electrolysis. 

PredpitaUon with Sti^ur Dioxide 

Sulfur dioxide has been repeatedly suggested as a precipitant of copper 
from sulfate solutions; in fact the Andes Copper Co. contemplates uHing 
this on a large scale at its proposed plant at Fotrerillos, Chile. Sulfur 
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dioxide has the advantage that a large quantity of sulfuric acid is 
generated in addition to that regenerated by the liberation from the 
copper; the precipitated copper is in a fairly compact and relatively pure 
form. The disadvantage is that heat and hydrostatic pressure are 
required to precipitate the copper in metallic form, which greatly 
complicates the practical application. The precipitation by this 
method is only partial, hence discarded solutions must be denuded 
by other methods. 

Electrolysis with Insoluble Anodes 

In all cases where a chemical precipitant is used, the product is con- 
taminated with some substance that either precipitates with the copper or 
is present in the precipitant, making extra refining necessary to produce 
commercially pure copper. It follows, therefore, that leaching and chemi- 
cal precipitation are not applicable to high-grade ore or concentrates, 
and it is this field that offers the greatest possibilities in copper metal- 
lurgy, In the treatment of high-grade material, the end product must be 
the electrolytic metal, to make the treatment worth while. 

Electrolysis is the ideal method of extracting copper from acid solu- 
tions. With simple precautions, it usually produces a highly pure metal, 
even with an impure electrolyte, and at the same time regenerates the 
solvent for reuse in leaching. Copper produced by electrolysis is, usually, 
compactly solid and free from oxide or other occluded material, hence in 
excellent condition for melting and casting. The hindrances to the use of 
electrolysis are expensive power and chemical interference. All things 
considered, the electrolytic method can stand a fairly high power cost 
without seriously contributmg to the cost of producing the metal. 
With direct current at the exceptionally high cost of 1.0 c. per kw.-hr. 
(say altematmg current at $80 per kw.-yr.), and a production of 1.25 lb. 
copper per direct-current kilowatt hour, a production that can easily 
be maintained, the deposition power cost will be only 0.8 c. per lb. 
copper, and this 0.8 c. will also produce at least 2.75 lb. acid available 
for leaching. 

Chemical interference may be of two kinds: there may be present m 
the electrolyte substances that cause rapid corrosion of the anodes; 
there may be present substances that cause rapid re-solution of the copper 
or prevent deposition on the cathode. 

Uncontrollable or uncorrectable chemical interference is usually 
the prime cause for the non-use of electrolysis and the selection of a 
precipitant. So far as anode corrosion is concerned, its remedy is 
merely finding a satisfactory anode composition. Antimonial-lead 
anodes give highly satisfactory results under ordinary conditions and are 
generally used. Carbon anodes give excellent results with chloride 
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solutions, but their use with sulfate solutions must yet be demonstrated, 
Magnetite anodes are too fragile and have too high a resistance. Ferro- 
silicon anodes may be used where lead or carbon anodes are unsuitable 
The electrol 3 i;e, or copper solutions, at Chuquicamata, Chile, made all of 
these anodes unsatisfactory; although normally a sulfate solution, it 
contains nitrates and chlorides. Colin G. Fink* developed a suitable 
anode of an alloy of copper-silicon-lead, which is almost insoluble and 
has a low counter-electromotive force. Re-solution of the cathode 
deposit is generally due to a highly effective oxidizing agent in solution, 
such as ferric salts, nitrates, and chlorides; this action is more intense 
at high temperatures, say 45® C, It is the practice at Chuquicamata to 
circulate the electrolyte over cooh’ng towers. 

Such elements as can exist in solution in two states of oxidation, 
as far as possible, should be reduced to the lower state before electrolysis; 
the common offender of this class of elements is iron. 

Next to lime in the ore and iron in the electrol 3 rte, aluminum and zinc 
are ordinarily the most important factors in the problem. Aluminum 
acts as an acid consumer but, within reasonable limits, also restrains the 
solvent action of the ferric iron in redissolving the deposited copper, as 
was discovered by Addicks.^ Zinc acts in much the same way, as was 
pointed out by Middleton.* The amounts of injurious elements that an 
ore may contain before a wet process becomes impractical can only be 
determined by direct experiment. The acid consumption, per pound of 
copper extracted, wiU usually be the determining factor. In the last 
analysis, the application of an electrolytic process to the treatment of 
copper ores will usually depend on the cost of the acid, per pound of 
copper extracted, and the cost of power for the deposition of the copper 
and acid regeneration. 

Ultimate Standard Leaching Process 

Although the leaching solvent and the method of extracting copper 
from solution selected depend on the particular chemical and physical 
conditions of the ore deposit, the tendency is to consider first sulfate 
leaching followed by electrolysis with insoluble anodes. There is no 
cheaper solvent than sulfuric acid, whether purchased or manufactured 
at the plant. Electrolysis produces the copper in ideal form and 
regenerates the acid thereby making the process cyclic. 


•U.S. Pat. No. 1441668. 

* Lawrence Addicks; The Eaectrolysis of Copper BuJfate liquors Using Carbon 
Anodes. MeL & Chem. Eng, (1915) 13, 748. 

•Percy R. Middleton; Electrolytic Deposition of Copper in the Leaching of 
Roasted Ore and Concentrate. Min, d Sci. Pr, (1919) 119, 149. 
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Most ores amenable to leaching contain two classes of troublesome 
ingredients: small amounts of alkali earths, which combine easily with 
sulfuric acid thus causing loss of available acid, and soluble iron. If the 
alkali earths are in the form of complex silicates that constitute igneous 
rock gangue, the amount of acid loss may be greatly lessened by avoiding 
the production of an excessive amount of fines in crushing and avoiding 
too high acid in leaching; or, if the ore is fine, by reducing the time element 
to a minimum in leaching. 

Soluble iron is the interfering ingredient most frequently encountered 
in leachable ores, whether non-sulfides or roasted sulfides. Iron in the 
ferrous condition does little harm and may even be, and probably is, 
beneficial; but in the ferric condition, it rapidly dissolves metallic copper. 
During electrolysis, ferrous iron is oxidized to ferric iron by anodic oxida- 
tion. The ferric iron so formed, added to that existing before electrolysis, 
redissolves the copper deposited on the cathode, the iron being reduced 
back to the ferrous state. The equations of the reactions of electrolysis 
covering these phenomena are as follows: 

CUSO 4 + H 2 O + electrolysis = Cu (cathode) + H 2 SO 4 + 0 (at anode) (1) 

2FeS04 "t" 0 (at anode) + H2SO4 = Fe2(S04)3 -f- H2O -b x heat (2) 

Adding equations 1 and 2 overall gives equation 3 for electrolysis with 
presence of ferrous sulfate, 

CUSO 4 + 2 FeS 04 + electrolysis = Cu (cathode) + Fe 2 (S 04)8 + x heat 

(3) 

Then equation 4 for re-solution, 

Cu (cathode) + Fea(S 04)8 = CuSOi + 2 FeS 04 + y heat (4) 

Adding equations 3 and 4 gives at final equilibrium, 

Electrolysis = (a? -b y) heat (5) 

which is to say that when the ferro-ferric cycle is sufficiently energetic 
and the anodic oxidation complete, no copper is deposited and all the 
electric power put into the cell is converted into heat. 

The quantity x heat, in equation 3, is not the total energy of reaction; 
some of the energy liberated is returned to the circuit as electrical energy 
and manifests itself by lowering the eeU voltage — a very desirable feature. 
The quantity y heat, of equation 4, is the total energy of reaction; hence 
all things possible should be done to prevent rensolution of the deposited 
copper. All heat liberated raises the temperature of the electrolysis, 
which in turn accelerates the ferro-ferric cycle. 

At constant temperature, the rate of cathodic re-Golution is approxi- 
mately proportional to the ferric iron in the electrol 3 rte (or catholyte when 
diaphragms are used). Hence, it is necessary to maintain the amount of 
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ferric iron in the electrolji;e below the critical point at which the tem- 
perature rise, due to liberated heat, is sufficient to accelerate the re-solu- 
tion out of bounds. Re-solution shows up as a decrease in ampere 
efficienc3^ With no effort to cool the electrol}i;e, as small an amount of 
ferric iron in the electrolyte as 5 gm. per liter has a marked effect; 10 gm. 
per liter will make the process questionable; and 13 gm. per liter is 
certain to make it unprofitable. It is generally conceded that if the 
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Fig, 1. — ^Effect OP PEEBio SULFATE 

ON CUBBBNT EFFICIENCY IN PRACTIOB; 
ACCORDING TO AdDICES. 


Fig. 2. — ^Effect op ferric iron 

ON CURRENT EFFICIENCY; ACCORD- 
ING TO Middleton. 


ferric iron were thoroughly reduced to the ferrous state, an ampere effici- 
ency could be obtained with a high-iron solution nearly as good as that 
obtainable with a pure solution; wMle due to anodic reaction, the energy 
efficiency with a solution containing a fairly high percentage of ferrous 
iron may considerably exceed that with a pure solution. Naturally, the 
lower the feme iron the better; it should not greatly exceed 2 gm. per 
liter, although the amount may vary, depending on other conditions 
such as acidity and temperature; from 1 to 2.6 gm. per liter is amply good. 

The gmphs, Mgs. 1 and 2, show the effect of ferric sulfate on the 
electrolysis of copper-sulfate solutions containing salts of iron. Both 
graphs are drawn from experimental data. While they differ somewhat, 
they show the highly deleterious effects of relatively small amounts of 
ferric iron in the electrolyte, also the high ampere efficiency obtainable 
when the ferric iron in the electrolyte is maintained at a very 
small percentage. 

Overcoming Deleterious Effects of Ferric Iron 

The iron, instead of working against the process, should be made to 
work with it; this is possible if the iron is kept in the ferrous state in the 
electrolyte. I consider this the fundamental feature in treating copper 


WILLIAM E. GKEENAWALT 


537 


ores by leaching and electrolysis and its attainment was one of the objects 
sought in the development of the process that bears my name. Many 
methods have been proposed, and some have been tried, for overcoming 
the deleterious effects of ferric iron in the copper electroly1;e; these may be 
summarized as follows: 

1. Interposing a porous diaphragm between the electrodes so as to 
prevent the ferric salts formed at the anode reaching the cathode. 

2. Chemically precipitating the whole or major portion of the iron 
out of the solution before delivering to the electrolytic department. 

3. Periodically, or continuously, diverting a fraction of the cycling 
solution and denuding it of copper, either electrolytically or by precipitant, 
or both, before discarding. 

4. Maintaining low temperature of electrolyte. 

5. Rendering ferric iron harmless, or even useful, by reducing to the 
ferrous state before electrolysis. 

The first method has been tried repeatedly; in fact, the use of porous 
diaphragms is the first consideration when it is desired to prevent a sub- 
stance generated within the anol 3 rte from entering the catholyte. But 
experience with diaphragms in all branches of electrochemistry has been 
very discouraging, particularly when they are used on a large scale. 
They lack endurance, increase the cell voltage, obstruct handling, and 
the slightest rupture causes cessation of proper functioning; besides they 
are very expensive. Porous diaphragms, in any large electrol 3 rtic plant, 
are only used as a last resort. 

The second method has been attempted by carrying the leaching 
process past neutrality, depending on such basic material as copper 
oxide or carbonate and fime in the fresh ore for hydrolyzing the iron. 
But, unfortunately, the ferroxis hydrate dissolves completely and the 
freshly precipitated ferric hydrate dissolves partly in the next addition 
of acid solution necessary to complete the extraction of copper. So far, 
it has been found impractical to oxidize and dehydrate the precipitated 
iron to render it insoluble by subsequent treatment. 

The third method is the usual way of limiting any imdesirable ingre- 
dient that continuously accumulates in the solution. In any closed leach- 
ing cycle, there are several such substances; and if the predominating 
ingredient, from the standpoint of its effect, is taken care of all the other 
undesirable ingredients are also taken care of. As the discarded solution 
must eventually contain all ingredients that are not otherwise removed, 
the solution analysis is ultimately in balance when equal to the quantity 
discarded divided by the amount of ingredient dissolved from the ore. 
For example, if the amount of substance x dissolved from, the ore is 4 per 
cent, of the copper dissolved, and the pregnant solution is electrolyzed from 
46 gm. per liter copper down to 15 gm. per liter; and it is desired to limit 
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the amount of substance x in solution to 6 gm. per liter, the quantity 
that should be discarded is (45 - 15) X 0.04 -r- 6 = 0.20; or 20 per cent, 
of the solution cj’cled between the leaching and the electrolytic depart- 
ments. A complete elimination by this method is impossible and the 
method is economically applicable only in case the solution limit is 
relatively high and the amount dissolved is relativel}' low. 

The fourth method takes advantage of the slow rate of reaction between 
ferric salts and metallic copper at a low temperature compared with the 
accelerating faster rates at higher temperatures. It is to be noted that 
not only do the chemical reactions create heat but also the electrical 
energy overcoming ohmic resistance within the cell. The Chuquicamata 
plant, when ferrosilicon anodes were used, had to contend with high iron 
in the electrolyte, as well as nitrates; as a result, considerable heat was 
evolved and to avoid an excessive temperature rise the circulation within 
the electrolytic department was made several times the quantity cycled 
between the leacWg and the electrolytic departments. The solution 
was electrolyzed in two steps and large cooling towers were placed in both 
lines of electrolyte flow. Notwithstanding the elaborate equipment of 
cooling towers, laimders, pumps, and pipes it was difficult to keep the 
temperature of the electrolytic department effluent below 35“ C.; at 
which temperature it is questionable if, even with the absence of nitrates, 
ferric iron can be allowed to exceed 10 gm. per liter. 

Low current density is also resorted to in order to maintain low tem- 
perature of electrolyte but at a temperature as low as 30° C. 10 gm. per 
liter ferric iron wiU cause re-solution of cathode copper equivalent to 
more than that theoretically deposited by 1 amp. per sq. ft. of cathode 
surface, so that nothing is gained in ampere efficiency by going below 
about 7 amp. per sq. ft. A normal power cost would dictate an economi- 
cal current density of about 12 amp. per sq. ft. and usual low hydro- 
electric power cost would warrant using higher current density if ampere 
efficiency could be maintained reasonably ffigh. 

The fifth method solves the difficulty, if the reduction of ferric salts 
to ferrous salts can be cheaply accomplished and almost aU of the iron in 
the electrolyte maintained in the ferrous state. Whatever the means 
of reduction, it should be applied continuously to the whole or a large 
part of the circulating electrolyte. If a fraction of the circulation is 
diverted, reduced, and then returned, the effect can be calculated in the 
same manner as described for the third method, diverting and discarding. 
For example, if the ferric iron derived from all sources, such as direct 
from the ore, anodic and atmospheric oxidation, etc., is 12 per cent, of 
the copper deposited; the eleistrolyte is electrolyzed from 25 gm. per liter 
copper down to 15 gm. per liter, and 15 per cent, of the electrolyte flow is 
diverted, completely reduced, and returned to the electrolyte circulation, 
the ferric iron in the electrol;^e will fintdly amount to (25 - 15) X 0.12 -f- 
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0.16 = 8 gm. per liter. If all of the electrol3iie flow is completely reduced 
the ferric iron in the electrolyte will amount to (25 - 15) X 0.12 4- 1.00 = 
1.2 gm. per liter. 


Reduction of Ferric Salts by Means of Metallic Copper or Hydrogen 
Sulfide or Copper Sulfide 

There are several ways by which the reduction of ferric salts can be 
accomplished, but on account of cheapness only the following have 
received serious consideration, namely : Reduction by means of metallic 
copper, by means of hydrogen sulfide or copper sulfide, by means of 
sulfur dioxide. 

Reduction by metallic copper is possible if metallic copper undesirable 
for the melting furnaces, produced by denuding discarded solution or 
decopperizing precipitates, is available. Methods of denuding, such 
as complete-depositing-out, cementation, etc., generally produce an 
impure finely divided copper that is much more active than pure massive 
copper, but with solutions containing less than the desired maximum 
of 2.5 gm. per liter of ferric iron the rate of reduction, even with the finest 
cement copper, is much too slow. Also it is impractical to use finely 
divided metaUic copper on the whole electrolyte flow. 

Hydrogen sulfide can be used direct for reducing the ferric salts in 
the electrolyte. Because of the acidity of the electrolyte, the action is 
preferential in that ferric iron is reduced to the ferrous state before copper 
sulfide is precipitated, provided the hydrogen sulfide is properly applied. 


The equations of chemical reaction are as follows: 

Primary reactions: 

FeaCSOO 3 ■+ HaS = 2FeS04 + HjSO* + S (1) 

Fe3(S04)s -f" CuS = 2FeS04 + CUSO4 + S (2) 

Secondary reactions [substituting Fe20a (SOs)8 for Fe2(S04)s]: 

2Fe3(S04)8 + S + 2H2O = 4FeS04 + SO* + 2H2SO4 (3) 

Fe803(S08)a + SO2 + 2H20 == 2FeS04 + 2H2SO4 (4) 


The sulfur liberated by equations 1 and 2 is, at first, in a molecular 
state of division; and as the sesqui-oxide of iron is an effective oxidizer and 
catalyzer some of the elemental sulfur is oxidized to sulfur dioxide, as in 
equation 3. Then, some of the sulfur dioxide thus produced is oxidized 
to sulfuric acid, as per equation 4. The secondary reactions take place 
much slower than the primary reaction, hence they are incomplete, 
particularly the third reaction, if carried out in an open top-vessel. 

The reducing action of hydrogen sulfide may be illustrated by the 
following experiment : An abundance of the gas was applied, under violent 
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agitation, to a solution from which the copper had been electrolyiieally 
removed from 3.0 to 0.9 per cent. The results were as follows : 

Aco, CoPFXBf Total Ibon, Fbbbxc Ibon 

Peb Cent, Pbb CaiTT. I^b Cent, Pbb Cbnt 

Before treatment with HsS .. 6.10 0.9 0 75 0.35 

After 10 sec. treatment 0.29 

After 20 sec. treatment 0.19 

After 30 sec. treatment 0.12 

Some copper was precipitated simultaneously with the reduction 
of the ferric iron, but the amoimt was small; and as the CuS is practically 
equivalent to the HsS for the purpose indicated, it is not likely that the 
CuS precipitate would be particularly objectionable. 

As some copper solution must be discarded from the system on account 
of some accumulating ingredient, it would be much more economical 
to make the hydrogen sulhde play a double role by using it as a precipitant 
for denuding the discarded solution and then using the copper sulfide pre- 
cipitate for a reducing agent. The reactions of reduction, using copper 
sulfide, are the same as with hydrogen sulfide except copper sulfate is 
produced instead of sulfuric acid, which fits into the process very 
nicely because the copper sulfate produced conveniently enters the 
electrolytic department. 

Hydrogen sulfide may be applied to wash solutions, thus precipitating 
copper sulfide and generating an acid wash, which is often desirable for 
final treatment of ore under leaching. Because of room created by 
discard and evaporation, the used washes progressively move up in the 
process and finally join the strong solution that cycles from the leaching 
department to electrolytic department. If sufficient room is not thus 
created, some wash solution must be discarded to make room for the 
final application of clear water. As the ratio of impurities to available 
acid is greater in the wash solution than in the strong solution, discarding 
from wash solutions removes more impurities from the system per unit 
of useful acid wasted. Hydrogen sulfide is an excellent precipitant for 
dilute solutions. 

The practical objection to using hydrogen sulfide, directly or indirectly, 
for reducing the whole of the ferric iron is that it is somewhat expen- 
sive. The major part of the reduction can be done at much less expense 
by sulfur dioxide. Hydrogen sulfide, however, on accoimt of its very 
rapid action, is an excellent agent for completing the reduction, if 
desired, after sulfur dioxide has ceased to fxmetion rapidly. 

BediucHon <(f Ferric Suite by Means of Svlfiir Dioxide 

Sulfur dioxide is the most promising of all the reducing agents. It is 
effective, if properly used, and at most localities can be cheaply made. 
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For small quantities, ordinary burning of sulfur by any of the efficient 
burners offered for sale is satisfactory. The sulfur dioxide thus made is 
usually of high concentration, and therefore highly effective. For large 
quantities, roaster gases are the most convenient. In almost all copper 
mineralized localities, at least some copper sulfide ore can be found either 
near the deposit being worked, or xmderlying the oxidized surface of the 
deposit. The sulfides and oxides are preferably worked together. Sul- 
fide ore, or concentrate, roasted with ordinary care in a McDougall type 
furnace, will give a gas running over 6 per cent, sulfur dioxide, which 
gas can be used for mduction. The roasted ore will be in condition for 
leaching or other metallurgical treatment; therefore if this step of the 
process is given credit for metallurgical treatment of the sulfide ore, the 
expense of producing the sulfur dioxide will either be very low or there 
may be a profit and there would be little reason for economizing on use 
of the gas. 

The sulfur dioxide may be applied to the solution: By injecting either 
directly into the electroljrtic cell or pump-tank or special tank for the 
purpose; by passing both gas and solution counter-currently through 
absorption towers; by treating a bulk of solution in a special device, 
which constitutes a part of the Greenawalt electroljrtic copper extraction 
process. 

Injecting a highly corrosive gas into a depth of solution requires an 
elaborate compressor system, pipes, etc., made of non-corrodable material 
and requires considerable power for the little useful work done. Also as 
the bubbles rise through the solution so quickly there is, at any instant, 
but very little surface of contact between gas and solution and hence 
very little absorption. This method so far has not given satisfaction. 

The use of absorption towers is more rational. In all branches of 
chemical manufacture, when it is desired to treat a liquid with a gas, the 
liquid is usually allowed to trickle down through a high tower, meeting 
the ascending gas. The tower is filled with specially shaped solid material 
so as to give large surfaces of contact and to obstruct the rapid flow of 
both liquid and gas. Absorption towers used for reducing ferric iron m 
copper solutions by sulfur dioxide have not given as good results as were 
hoped for, even with the use of several towers in series. 

The Ajo plant of the New Cornelia Copper Co., in Arizona, is the 
outstanding example of the use of absorption towers on a large scale 
for reducing ferric iron. Herewith are given data pertaining to the 
Ajo plant taken mainly from a paper® that has been presented to 
the Institute. 

The equipment consists of three pairs of towers, arranged in series 
both in reference to the solution flow and to the gas flow. The flows are 

• Heniy A. Tobelman and James A. Potter: First Year of Leaching by the New 
Cornelia Copper Co. TranB. (1919) 60, 22. 
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counter-current to each other. The tower packing consists of 11 by 
^|-in. boards set on edge with %-in. spaces between. The first pair of 
towers that the solution enters are each 28 ft. in diameter by 40 ft. high; 
the next two pair are each 20 ft. in diameter by 40 ft. high. The solu- 
tions arc pumped against a 70-ft. head. 


Axaltsis op SoiiUTiosr In and Out op Reduction Towers 


Neutral advance entering towers 

Ferbous 
Iron, 
Per Cent. 

. 1.61 

Ferric 
Iron, 
Per Cent. 

0.79 

Total Re- 
duction, 
Per Cent, 

Per Cent 
OF Totter 
Cafaoity 

Solution leaving first pair of towers 

. 1.95 

0.46 

49.5 

49.5 

Solution leaving second pair of towers. . . 

. 2.14 

0.26 

27.5 

26.26 

Solution leaving third pair of towers. . . 
Solution leaving settling tank 

. 2.25 

. 2 30 

0.15 

0.10 

16.0 

7.0 

25.26 


Between 90 and 100 gal. (340 and 378 liters) of neutral advance solution per 
mirwite is used for spray cooling the gas before entering the towers. This solution is 
practically completely reduced and joins the effiuent of the tower system. The 
following data are for March, 1918. 


Average flow through towers, gal. per min 1324 0 

Average per cent, ferric iron in solution entering towers 0 79 

Average per cent, ferric iron in solution leaving towers 0.17 

Average per cent, ferric iron in solution entering tank house 0.10 

Average per cent ferric iron in solution leaving tank house 0.75 

Average per cent free acid in solution entering towers 0.48 

Average per cent free acid in solution leaving towers and entering 

tank house 1.70 

Average per cent free acid in solution leaving tank house 2.10 

Average per cent, copper in solution entering tank house 2.99 

Average per cent, copper in solution leaving tank house 2.52 

Average per cent copper removed in passing through the tank house. 0 . 47 

Average number of pounds copper deposited per gross kw.-hr., a.c. 0.76 

Average number of pounds copper deposited per gross kw.-hr. 1917- 
1918, a.c 0.70 

Estimated average number of pounds copper deposited per kw.-hr., 

d,c., March, 1918 0.90 

Estimated average number of pounds copper deposited per kw.-hr,, 
d.o., 1917-1918 0.82 

Estimated ampere eflBciency, 1917-1918, per cent 62.9 

Estimated ampere efficiency, March, 1918, per cent 70.0 

Electrolytic copper shipped, 1917-1918, pounds 44,406,695.0 

element copper shipped as 100 per-cent, copper, 1917-1918, pounds. . 14,808,394. 0 
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Total gross volume of towers, cubic meters 2819.0 

Kilograms ferric iron reduced per minute by towers 38.8 

Tower volume per liter per minute of solution through towers, cubic 

meter 0.606 

Tower volume per kilogram ferric iron reduced per minute m towers, 

cubic meters 72.7 

Estimated contact surface per cubic meter of gross tower volume, 

square meters 82.0 

Estimated contact surface per kilogram ferric iron reduced per 

minute in towers, square meters 5960.0 

Estimated number of pounds of copper deposited per day per cubic 
foot tower space 1.26 


At Ajo, the flow through the electrolytic tanks is in parallel; that is, 
there is no cascading. The total electrolytic circulation is about 25 
times that quantity cycled between the electrolytic department and the 
leaching department and amounts to one liter per minute for about 
23 tank-amperes. The net electrolytic oxidation (anode oxidation less 
cathode reduction) of the ferrous iron is found to be nearly 70 per cent, 
of the theoretical. Average temperature of the electrolyte is 34° C.; 
the current density is from 6.20 to 7.56 amp. per sq. ft. 

As the amount of copper requiring chemical precipitation is related 
to the SO 2 reduction of the ferric iron in the electrolyte, the data for iron 
precipitation are of interest in this connection. 

Solutions Enthrinq and Leaving the Cementation Plant, New Cornelia 

Fbbbovs Fbsbio 

H 1 SO 4 , CoppBB, Ibon, Ibon, Spacmc 

Pub Cbnt. Pbb Cbnt. Fbb Cbnt. Pbb Cbnt Qbayitt 


Entering 2.34 2.12 1.07 1.44 1.31 

Leaving 0.08 0.02 4.54 0.08 1.25 


As surface contact between gas and solution plays so important a role 
in the reduction of ferric salts, it is natural to resort to a device that will 
create the maximum surface per unit of bulk of solution treated, while 
maintaining a large volume of solution saturated with the gas. Fine 
spraying, or atomizing, it is believed, is the best way to accomplish this 
condition. An ordinary fine spray or mist, made up of particles 0.03 mm. 
in diameter, presents 200 sq. m. per liter of liquid in suspension in the gas 
and settles out of suspension slowly. Fig. 3 illustrates a device for fine 
spraying while maintaining a large volume of solution saturated with the 
gas, which constitutes a feature of the Greenawalt process. 

Gbebnawalt Elbctbolttio Coppbb Extbaction Pbocbsb 

The Greenawalt process comprises what is believed to be a number of 
important steps in the treatment of copper ores by leaching and electroly- 
sis. Its scope may be partly defined by some of the patent claims: 
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An electrolytic process which consists in electrolyzing copper solutions containing 
salts of iron to deposit the copper at the cathode with the simultaneous oxidation of 
the ferrous salts to the ferric salts at the anode, applying a reducing gas to a pool of the 
electrolj’te in a reducing chamber, treating the electrolj'ie with the gas by intimately 
mixing the gas with the electrolyte in the pool, maintaining a flow of gas through the 
reducing chamber, and maintaining a flow of reduced electrolyte from the pool in the 
reducing chamber to the electrodes and of oxidized electrolyte from the electrodes to 
the pool.^ 

In electrolytic apparatus, a series of electrolytic units consisting of an electrolyzer 
and a gasing chamber communicating with the electrolyzer, a gas generator communi- 




cating with the gasing chamber, means arranged for treating the electrolyte with the 
gas in the gasing chamber, means for circulating a portion of the electrolyte in a dosed 
drouit between the dectrolyzer and the gasing chamber, and means for progressivdy 
advancing a portion of the electrolyte from one electrolytic unit to the next of 
the series.* 

In the electrolysis of copper-sulfate solutions, the process which consists in applying 
hydrogen sulfide to the electrolyte.® 

In the electrolyses of impure copper solutions, the process which consists in pre- 
cipitating copper from copper solutions with hydrogen sulflde, and applying the sulflde 
precipitate to the electrolyte as a reducing agent. 


If U. a Pat. No. 1314742. 
»U. a Pat. No. 1357493. 


» U. S. Pat. No. 1279860. 
U. a Pat. No. 1340826. 




WILLIAM E. GREEXAWALT 


645 


A process of extracting copper from its ores which consists in treating the ore with a 
dilute acid solution to dissolve the copper, separating the resulting rich copper solution 
containing salts of iron from the gangue, washing the residue and thus obtaining a lean 
copper solution, electrolyzing the rich copper solution to deposit the copper with the 
simidtaneous regeneration of acid and ferric salts, chemically precipitating the copper 
from the lean solution, and then applying the chemical precipitate to the rich copper 
solution to reduce the ferric salts produced by the electrolysis from a higher to a lower 
valency.^^ 

An electrolytic process which consists in confining a gas over a pool of liquid, 
treating the liquid of the pool with ihe gas in the presence of an insoluble substance 
capable of concentrating or occluding the gas, electrolyzing the liquid, and TnQ.iT^tj>infng 
a flow of liquid from the electrodes to the pool and from the jxk)! to the electrodes, and 
progressively advancing the liquid through a series of pools and electrolyzers.^* 

A process of treating sulfide and oxide ores of copper comprising roasting the 
sulfide ore to make a portion of the copper soluble in water and another portion 
soluble in dilute acid, leaching the roasted ore with a dilute acid solution, treating the 
solution with sulfur gas obtained from roasting the sulfide, electrolyzing the solution to 
deposit the copper with the simultaneous regeneration of acid, returning a portion of 
the regenerated acid solution to the roasted ore, applsring anoiher portion to the oxid- 
ized ore, applying a reducing agent to the resulting copper solution from the oxidized 
ore, electrolyzing the solution to deposit the copper and regenerate acid, returning a 
portion of tibe resulting foul acid solution to the oxidized ore, and discarding another 
portion.^* 

Working within the limits of these claims, it is quite easy to control 
the process and to remove from 60 to 76 per cent, of the copper from the 
solution in its passage through the electrolytic plant, and obtain an 
energy efficiency of at least 1.25 to 1,4 lb. of copper per kw-hr., d.c., with 
the simultaneous regeneration of from 2.50 to 3.00 lb. of acid, per pound 
of copper deposited, using lead anodes. 

As the process hinges on the successful reduction of ferric iron, this 
feature of the process will be described first. The ferric iron that builds 
up in the electrolyte may be reduced to the ferrous state by means, 
preferably, of sulfur dioxide, copper sulfide, or a combination of these. 

Sulfur-Dioxide Reduction 

Early in the development of the Greenawalt process, it was found that 
sulfur dioxide, as usually applied, was much too slow in its action. The 
important factors affecting its action are: Time, temperature, and acidity 
of solution. 

In absorption towers, even with several in series, the solution passes 
through the system very quickly and, therefore, is in contact with the 
gases for a very short time. If the solution entering the tower system 
is neutral, a short period may be sufficient; but if acid, the solution must 
have a longer time for reduction. Attempts to remedy this condition, 
by placing a storage tank under the tower and repassing the solution 


« U. S. Pat No. 1346846. »* U. S. Pat No. 1376667. « U. S. Ser. No. 620241. 
voii. Xiix — 36 
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down through the tower against the ascending gas, improved results but 
still the dissolved gas rapidlj' left the solution, especially if the solution 
was hot, and it is at the higher temperatures that the reducing action is 
most effective. Elaborate experiments were made by injecting sulfur 
dioxide directly into the electrolyte, but even if the electroljrte was main- 
tained saturated with the gas the ferric salts rapidly increased through 
anodic oxidation. 

The outcome of the experimentation was to apply the sulfur 
dioxide to the electrolyte continuously in a specially designed spray 
scrubber, in connection with a large pool of the electrolyte and to circulate 
the electrolj'te between the eleetrol 3 iic cells and reducer pool, so that 
the solution returning from the reducer was almost completely reduced, 
or maintained at a miniTniiTn predetermined limit. This was accom- 
plished by proportioning the size of pool to the rate of flow so as to give 
ample time for reduction. 

As shown in Fig. 3, the reducer consists of a long rectangular chamber 
adapted to contain the electrolyte in its lower portion and the gas in the 
upper portion. Immersed in the gas and making contact with the liquid 
are rotary disks, or cylinders, mounted on horizontal shafts passing 
transversely through the chamber. The peripheries of the disks, or 
cylinders, are usually from to 3^ in. below the surface of the liquid; 
and are rotated at from 800 to 1000 r.p.m. A fine spray is thrown 
up into the sulfur-dioxide atmosphere. The solution inlet and outlet 
are both trapped, and the outlet is fitted with an adjustable weir 
so as to adjust depth of disk immersion, even with a variable flow 
of solution. The solution flows through the reducer in a sinuous stream 
to prevent short circuiting or stagnation of any of the liquid. 

Not only is a large contact surface obtained between spray and gas 
but also the pool is supersaturated with sulfur dioxide at all times and^ 
as the volume of the pool is large compared with the flow through it, 
ample time (2 hr. or more) is provided for reduction. No cooling of the 
solution is necessary; on the contrary the hot gases heat the already 
warm electrolyte and thus hasten reduction. Any sediment that accu- 
mulates in the tank can be easily removed, and the rotary sprayers can 
be removed and replaced for repairs without interfering with the opera- 
tion of the reducer. There are no narrow passages to clog up, as in 
absorption towers, hmice there is no particular need of extra effort to 
remove dust from the gas before use. This same device may be 
used for precipitating copper from solutions with hydrogen sulfide. 

CoppersvHfide Reduction 

Sulfur-dioxide reduction slows down as the acidity of the solution 
increases. It is not advisable to increase the acidity much beyond 80 
gm. per liter for either leaching or electrolysis. In the later stages of 
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electrolysis, it is usually desirable to use a more positive reducing agent 
than sulfur dioxide. Hydrogen sulfide, used directly or indirectly, has 
been found to be the most satisfactory means for reduction in the presence 
of high acid. The hydrogen sulfide may be generated from low-grade 
matte or other cheap easily decomposed sulfide and by using denuded 
waste acid, or it may be generated from sulfur dioxide by heat in the 
presence of steam and carbon. In all leaching processes, some solutions 
containing copper or other metals must be wasted. These solutions 
may be dilute wash water from the ore, or waste foul solutions circulated 
between the leaching and the electrolytic departments. There is no 
more satisfactory precipitant for removing copper from discarded solu- 
tions than hydrogen sulfide; it can be used whether the solution is strong 
or weak in either acid or copper, and the precipitation is complete. The 
precipitate, if produced from an acid solution, is fairly free from noxious 
impurities. The copper can be separated from the denuded solution by 
any of the usual settling devices (for example Dorr thickeners) and as the 
sulfide is next incorporated into a large bulk of solution to be reduced, a 
relatively thin running pulp may be drawn from the settler. The accumu- 
lated residue in the copper-sulfide reducer, including some elemental 
sulfur produced by the reaction between the copper sulfide and the ferric 
iron, is removed from time to time. The sulfur may be burned and 
thereby furnish some sulfur dioxide for the process. 

The freshly precipitated copper sulfide is particularly effective in 
reducing ferric salts. Fused sulfide, copper matte, and natural sulfides 
are not nearly so effective. Under proper conditions, ferric salts in a 
low-acid electrolyte can be reduced in less than a minute. In a high- 
acid electrolyte, agitating with air, the reduction is rapid but not com- 
plete. At 50° C., an electrolyte containing 98 gm. per liter free acid, 
30 gm. per liter total iron, and 10.4 gm. per liter copper was reduced 
from 4.5 gm. per liter ferric iron to 1.1 gm. per liter in 5 min. ; longer agita- 
tion did not improve the reduction. 

Sulfur-dioxide and Copper-sulfide Reduction 

A general arrangement for a Greenawalt plant, involving both SO 2 
and CuS reduction, is shown in Fig. 4. Fig. 6 is a diagrammatic plan as 
applied to sulfide ores or concentrates. A plant will usually consist of a 
series of electrolytic units, each comprising a reducer and a group of cells 
arranged so that the electrolyte will flow in a closed circuit in the respective 
electrolytic units, while at the same time there is a regular advance flow 
from one unit to the next of the series and back to the ore. When the 
solution becomes too high in acid for effective reduction with SO 2 , the 
solution is wholly or partly reduced with CuS. When the solution 
becomes too highly charged with soluble salts, a portion is diverted and 
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the copper precipitated from it and the diverted portion is wasted or put 
to use. 

The general operation of the process may be briefly described as 
follows, assuming a solution from the leaching department containing 



4.0 per cent, copper and 0.6 per cent, acid, and from 1.5 to 3.5 total iron: 
This solution flows into SO, reducer No. 1 and then to the cells and back 
again to the reducer, in a closed circuit, until the solution in the first 
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electrolytic uiut shows about 3.0 per cent, copper and about 3.25 per cent, 
acid; this would practically be the working condition of the first unit. A 



Fig. 6. — GsmnrAWAi/F raocEBs, as atfued to coNcsimtATBS asd PBODuciKa 
15,000 TO 30,000 LB. COFPBB FZB SAT. 

portion of the electrolyte, the advance flow, is automatically diverted to the 
second electrolytic unit, where the reduction and electrolysis are repeated. 
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until the solution shows about 2.25 per cent, copper and about 5.31 per 
cent. acid. A portion of the electrolyte, the advance flow, is automati- 
cally diverted to the third electrolytic unit where the reduction and elec- 
trolysis are repeated until the solution shows about 1.75 per cent, copper 
and 6.69 per cent. acid. A portion of the electrolyte, the advance flow, 
is automatically diverted to the fourth electrolytic unit which comprises 
a CuS reducer and a group of cells, and which may also include an SO 2 
reducer; here the solution will show about 1.25 per cent, copper and 8.0 
per cent. acid. The advance flow is then returned to the ore, but a small 
portion is diverted for hydrogen sulfide precipitation. This small diverted 
portion can be reduced to 0.25 per cent, copper, or even 0.10 per cent, 
by electrolysis, before hydrogen sulfide precipitation, using SO 2 or CuS 
as the reducing agent; even with a solution containing 10 to 12 per cent, 
acid. The diverted and electrolyzed portion is treated with hydrogen 
sulfide to precipitate the copper as CuS, and the barren solution wasted. 
The CuS precipitate is flowed as a sludge to the CuS reducer of the 
electrolytic department, where it is used to reduce ferric iron in the elec- 
trolyte, while at the same time the copper is recovered as the electrolytic 
metal. The flow of the solution through the electrolytic plant is entirely 
automatic; one valve controls the flow from the leaching department 
through the electrolytic department and back to the leaching department. 

The determination of the number of electrolytic units in the deposi- 
tion of the copper is a matter of discretion. If, for example, it is desired 
to impoverish a 4.0-per cent, copper solution down to 1.5 per cent., it 
would not be advisable to flow the 4.0-per cent, head copper solution 
into a general electrolyte containing about 1.5 per cent, copper and' 7.0 
per cent, acid, and deposit the copper from such a solution; as would be 
the case if the series arrangement were not used. 

In operation, the amount of ferric iron unreducible, or not readily 
reducible, with sulfur dioxide increases in the respective units as the 
electrol 3 rte increases in acidity. In the first electrolytic unit, it is not 
dfficult to maintam the effluent solution from the cells at 0.2 to 0.25 
per cent, ferric iron; while in the last unit the ferric iron is likely to range 
from 0.35 to 0.50 per cent, in the effluent from the cells. It is reasonably 
certain, however, that the ferric iron that is unreducible, or with great 
difficulty reducible, in the SO 2 reducers, is also likely to be indifferent 
toward the copper in the cells. 

Copper can be deposited out to as low as 0.16 per cent, in a solution 
containing from 8.0 to 12.0 per cent, acid, using sulfur dioxide alone as a 
reducing agent, but with a reduced efficiency. An ampere efficiency of 
from 60 to 75 per cent, and a power efficiency of about 0.76 lb. copper 
per kw.-hr. are indicated under these conditions; that is, in impoverishing 
(or denuding) the electrolyte from about 1.0 per cent, copper down to 
0.25 per cent, in special cells. But even this is much cheaper and better 
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than any chemical precipitation, for the labor of handling the precipitant 
and the copper precipitate is an expensive item in chemical precipitation. 
The impure cathodes produced imder the conditions indicated are much 
more easily refined than any chemical copper precipitate. With close 
electrolytic precipitation of copper from the waste solutions, only a 
small portion, probably less than 2.5 per cent, of the total copper produced, 
need be chemically precipitated from the waste electroljd;e, while that 
from the wash waters may make another 2,5 per cent, or a total of 5.0 
per cent. 

The extent to which it is desirable to impoverish the copper and regen- 
erate acid in the electrolyte before returning it to the ore must be deter- 
mined for each particular case. The range of economical operation is 
wide, and it is not likely that these limits will be exceeded. 

The great range through which it is possible to electrolyze reduced 
solutions makes it practical to use sulfate leaching for extracting copper 
from high-grade ores, roasted concentrates, roasted copper matte, etc. 
Such material generally runs high in soluble iron, but this is a help to the 
Greenawalt process. 

The presence of a considerable amount of an effective reducing agent, 
such as ferrous salts, in the electrol 3 rte prevents disintegration of the lead 
anodes. It also acts as a depolarizer from its avidity for the oxygen 
produced at the anode; bu this latter effect is much more pronounced 
with the use of carbon anodes. However, carbon anodes have not given 
satisfaction in sulfate solutions on accoimt of excessive disintegration of 
the carbon. But as, with effective depolarization, carbon resists disinte- 
gration fairly well, there is promise of its successful use in sulfate solutions 
containing considerable ferrous iron and very little ferric iron. Inasmuch 
as fully 50 per cent, of the power for deposition could be saved by the 
successful use of carbon anodes it might be worth while to give carbon 
anodes a trial under the new conditions. The conditions best adapted 
to the successful use of carbon anodes are: a high-iron electrolyte with 
most of the iron in the ferrous condition, a fairly high temperature, low 
current density, and agitation or rapid circulation. 

In the treatment of copper ores by leaching and electrolysis, a number 
of conditions are encoimtered, which, while not directly related to the 
process, are of the most vital importance in its general application. The 
most evident cases are: 

Ores containing copper in the form of both sulfide and oxide, either 
in the same deposit or in different deposits, which might be subjected to 
the same or similar metallurgical treatment. 

Copper ores, usually as sulfides, which may contain appredable 
amounts of precious or other metals, or precious-metal ores containing 
copper in sufficient amount to make cyaniding prohibitive. 
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The treatment of sulfide ores by roasting, leaching, and electrolysis 
presents the most promising field. Acid expense is totally eliminated 
and the hardlTTig of high-grade ore or concentrate involves a minimum 
expense. If the copper deposit contains both sulfides and oxidbs, a 
promising outlook is presented in the treatment of both by a related 
process. Many mines produce both sulfide and oxide ores, either mixed 
or at different levels. The sulfide ore, as usual, would be concentrated 
by any of the ordinary methods, such as by gravity or flotation or both. 
By making a fairly low-grade concentrate, one say carrjdng 15 per cent, 
copper, a fairly high recovery can be made by this preliminary treatment. 
TWs is a fairly common and representative condition and, in the opera- 
tion of the process described, both the sulfide concentrate and the oxidized 
ore can be treated without any direct acid expense, which is usually the 
most important factor in the treatment of low-grade oxidized ores. 

There is no difficulty by careful roasting in making from 60 to 80 
per cent, of the copper water soluble in roasting sulfide concentrate. 
Assuming a sulfide concentrate containing 15 per cent., or 300 lb., of 
recoverable copper per ton, 70 per cent, of which can be made water 
soluble by careful roasting, an acid regeneration of 2.76 lb. per pound of 
copper deposited by electrolysis, and an acid consumption of 2.00 lb. per 
pound of copper not soluble in water, the amount of excess acid produced, 
per ton of concentrate, will be about as follows: 

300 lb. copper X 2.75 lb. acid = 825 lb. acid produced 
70 lb. copper X 2.00 lb. acid = 1^ lb. acid consumed 
Excess acid, 685 lb. 

Assuming, in this coimection, an oxidized ore contaimng 2.0 per cent., 
or 40 lb., of recoverable copper per ton, with an acid consumption of 3.6 
lb. per potmd of copper extracted and an acid regeneration by electrolysis 
of 2.75 lb. per pound of copper deposited, the acid consumed over that 
regenerated will be about as follows: 

40 lb. copper X 3.50 lb. acid — 140 lb. acid consumed 
40 lb. copper X 2.75 lb. add = HO lb. add produced 
Add defidt, per ton ore, 30 lb. 

Dividing 685 lb., the excess add produced by the treatment of a ton of 
concentrate, by 30 lb., the add defidt in treating a ton of oxidized ore, 
it follows that 22.8 tons of oxidized ore can be treated with the excess 
acid produced by the treatment of the sulfide concentrate. An ordinary 
convenient small roasting unit for 25 tons of sulfide concentrate would 
furnish the sulfur dioxide and acid to leach the 26 tons of roasted con- 
centrate and 560 tons of oxidized ore. If it is not desired to treat oxidized 
ore, the acid production may be subdued or controlled in various ways, 
which are well known. 
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A difficulty of some importance has been encountered in obtaining 
suitable extractions on copper-sulfide concentrates after roasting. If 
the concentrate contains precious metals, a low recovery of the copper 
may seriously interfere with the results desired. Copper concentrates 
require careful roasting to get an extraction of the copper comparable 
with that of smelting. Usually roasting will be necessary whether the 
roasted material is leached or smelted. More careful roasting is required 
for leaching than for smelting, but the difference in expense is not great. 
Essentially the same roasting installation will be required for subsequent 
treatment by either method. 

If the concentrate does not contain appreciable amounts of the pre- 
cious metals, so that the extraction of the copper alone need be considered, 
it is practical to roast so as to get from 50 to 80 per cent, of the copper 
water soluble and from 90 to 98 per cent, acid soluble. This would still 
be a lower recovery than that obtainable by smelting, but the difference 
could be counterbalanced in the preliminary concentration treatment, 
where a higher recovery could be made by producing a lower grade 
concentrate for leaching than would be found most economical for smelt- 
ing, especially if the concentrate must be shipped to some distant smelt- 
ing plant. In shipping copper ores or concentrate, it is customary to 
deduct from 1.0 to 1,5 per cent. (20 to 30 lb. per ton) from the wet copper 
determination, presumably to cover the smelting loss; this should also 
cover the loss by leaching. 

If the sulfide concentrate contains precious metals in appreciable 
amounts, provision must be made for their recovery at no excessive cost. 
This can be done in one of two ways: The tailing from the regular copper 
leaching may be chlorinated, with chlorine electrolyticaJly produced at 
the mine, or a special effort may be made to have the copper extraction 
so complete that the amount remaining in the residue, after thorough 
washing, will not seriously interfere with the appKcation of cyanide for 
the extraction of the gold and silver. 

If chlorine is used, the extra amount of copper extracted with the 
chlorine would largely offset the extra expense. The extraction of the 
precious metals, especially gold, would be exceptionally high, as the 
previous removal of the copper would leave the precious metals open to 
easy attack by the chlorine. Assuming the copper to be extracted as 
the cupric chloride, it will take approximately a pound of chlorine to 
extract a pound of copper. By the electrolysis of common salt, the 
cost of the chlorine should not exceed 5 c. per lb,, and not much extra 
chlorine would be consumed in extracting the precious metals. This 
would leave a wide margin for other expenses of extracting the residual 
copper, before any appreciable expense could be charged to the recovery 
of the gold and silver on account of the copper. The copper and the 
precious metal cotxld be precipitated together, preferably with hydrogen 
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sulfide, and the copper redissolved from the roasted or unroasted precipi- 
tate with acid or ferric iron or both, as already described, thus leaving a 
high-grade precious-metal precipitate that could easily be freed from 
copper and refined. 

If eyaniding of the copper leach residues should appear more con- 
venient, a double roasting and leaching will produce tailings sufficiently 
low in copper not to interfere seriously with the cyanide. The double 
roasting and leaching, while involving an extra expense, would not be 
prohibitive and would be less expensive than might at first appear, 
because the first roasting and leaching could be carried out crudely and 
cheaply without interfering with the ultimate results. That this 
procedure is effective is evident from the following test: 

A flotation concentrate, containing 13.60 per cent, copper, was roasted 
and leached with inferior results as follows: 

Pbk Cent. 

COFPBB 


Head, roasted concentrate 13.60 

Acid soluble 10.40 

Residue 3.20 


This residue was mixed with about 5 per cent, low-grade pyritic 
concentrate and reroasted and releached. The results were: 


Pbb Cbnt. 

COFPEB 

Head, roasted residue 3.68 

Water soluble 3.28 

Acid soluble 3.34 

Tailing 0.34 


This shows an extraction of about 98 per cent, based on the original 
ore. The copper leach residue of 0,34 per cent, would not be sufficient 
to affect eyaniding appreciably, if the ore is well washed. 

The problem of recovering precious, or other, metals from copper- 
bearing ores and concentrates must be considered in any leaching process, 
if the process is to be generally applicable. Cyaniding of copper leach 
residues for the extraction of precious metals is preferable to chlorinating 
if eyaniding is applicable, and especially if the residues contain silver, 
or gold and silver. 

Demonstbation Tests of Gbebnawalt Pbocess 

A small experimental plant was installed by one of the larger copper 
mining companies to tryout the Greenawalt process, in a preliminary way. 
It was arranged that the various steps could be conclusivdy demonstrated. 
The work was earned out with the coSperation of the company’s superin- 
tendent, and with the assistance of the company’s engineer. Analyses 
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were made by the company’s chemists. The plant was arranged as shown 
in the flow plan, Fig. 6, and was adapted for both sulfur-dioxide and copper- 
sulfide precipitate reduction of the ferric iron formed by the electrolytic 
deposition of the copper. 

The experimental plant consisted, essentially, of a sulfm-dioxide 
reducer, 3 by 7 ft. in area and 6.25 ft. high. The depth of liquid was 



Fig. 6. — ^Fiow plan op Grhbnawalt ieepiiriiibntal plant used for tests A 

AND B. 

3.5 ft. and the space for the gas above the liquid, 2.75 ft. Four anti- 
monial-lead disks, 12 in. in diameter, were mounted on a lead-covered 
shaft and rotated at from 800 to 1000 r.p.m., in the gaseous atmosphere 
above the liquid, but arranged so that the peripheries had only a slight 
submergence below the normal surface of the liquid. The liquid level 
was easily maintained, as diown in Fig. 3, by an ample weir overflow. 
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which also acted as a seal. The liquid level could be varied by vaiying 
the height of the weir. A small rotary sulfur burner, 14 in. in diameter 
and 30 in. long, supplied the sulfur dioxide. The rapidly rotating disks 
completely filled the space in the reducers above the liquid with a spray. 
Some of this spray was as fine as mist, while some was coarse and was 
thrown the full length of the reducer; open-air testa showed that the spray 
could be thrown 15 ft. At no time was there any inconvenience from 
escaping gas; a alight inward suction was easily maintaiaed in the reducer. 

There were three electrolytic tanks, or cells, 2.5 by 1.25 by 4.0 ft., 
arranged in series, for both solution flow and the electric current. The 
electrodes were arranged for a current density of from 6 to 8 amp. per 
sq. ft. The current was furnished by a motor-generator set, rated at 
175 amp. and from 2 to 8 volts. 

The hydrogen-sulfide precipitator was similar to the sulfur-dioxide 
reducer. The hj'drogen milfide was produced from acid and matte in an 
ordinary hydrogen sulfide generator IS in. in diameter and 36 in. high. 
The copper-sulfide reducer was an ordinary round tank, 5 ft. in diameter 
and 5 ft. high, in which slowly rotated a wooden paddle to mix the solu- 
tion and precipitate in the bottom of the tank, while the comparatively 
clear reduced solution overflowed at the top and was conducted to 
the cells. 

The ammeter readings were taken every 10 min.; the voltmeter 
readings, across the busbars of the cells, were taken every hour. By 
taking the voltmeter readings across the busbars, the readings necessarily 
included the contact resistances between the busbars and the crossbars, 
and between the crossbars and the electrodes. In this way, all uncertainties 
in the line were eliminated, while all the resistances in the cells were 
included. The loss of current and resistance in any line, from the busbars 
to the direct-current generator, is a matter of design and does not directly 
enter into electrolytic considerations. 

Temperature readings were taken every hour. The copper deposited 
was carefully weighed at the end of every teat, or part, where the test 
was divided into parts. Tlie volume of solution was kept nearly constant 
fay adding water from time to time to replace that which was evaporated. 

DemonsbraMon Test A 

Test A was made to demonstrate the reduction of ferric iron, in a 
high-iron electrolyte, under increasing acid conditions. The solution flow 
was maintained at about 600 liters per pound of copper deposited. It 
was particularly desired to determine the effect of increasing acidity 
with decreasing copper m the electrolyte, to ascertain to what extent the 
copper could be removed from the solution before the solution was 
returned to the ore, which are vital points in the electrolj^ of leach 
copper solutions. 
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The test, which was continued for 9 days, was divided into four parts, 
such as might be represented in practice by three-stage reduction and 
electrolysis, using sulfur dioxide as the reducing agent, while the fourth, 
or final, reduction was made with precipitated copper sulfide. The 
solution was obtained from leaching roasted flotation concentrates, and 
assayed, in part, as follows: Copper, 3.89 per cent.; iron, total, 3.06 per 
cent.; acid, 1.72 per cent. The results obtained may be summarized 
as follows: 

Summary, Demonstration Test A, Sulfur-dioxide Reduction 


Copper in solution at beginning, per cent. . . . 

Past 1 

3.89 

Past 2 
2.61 

Past 8 
1.81 

Copper in solution at end, per cent 

2.61 

1.81 

1.04 

Copper removed, per cent 

33.0 

30.7 

42.5 

Copper removed, based on original, per cent 

33 0 

53.5 

73.3 

Acid in solution at beginning, per cent 

1.72 

4.96 

7.85 

Acid in solution at end, per cent 

4.96 

7.85 

10.30 

Average ferric iron, reducer, first 24 hr., per 
cent 

0 017 

0.177 

0.35 

Average ferric iron, cells, first 24 hr., per cent. . . 

0.163 

0.27 

0 37 

Average ferric iron, reducer, last 24 hr., per cent 

0.10 

0.237 

0.45 

Average ferric iron, cells, last 24 hr., per cent. . 
Average temperature, degrees C 

0.163 

0.343 

0.48 

41.8 

42.3 

43.0 

Average current, amperes 

Average voltage across cell busbars 

148.2 

170.8 

162.0 

1.76 

1.74 

1.74 

Copper deposited, per 1000 amp.-hr., pounds. . 

2.532 

2 58 

2.162 

Ampere efficiency, per cent 

97.0 

96.9 

82.8 

Acid regenerated, per poimd copper deposited, 
pounds 

2.60 

3.61 

3.33 

Copper deposited, per kilowatt-hour,, d.c. at 
cells, pounds 

1.438 

1.45 

1.25 

General Summary, Test A, Sultub-dioxidb Reduction 

Copper in solution at beginning of test, per cent 

Pasts 

1, 2, AND 3 

3.89 

Copper in solution at end of test, per cent 



1.04 

Copper removed from solution, per cent 



2.85 

Percentage of copper removed from solution 



73.3 

Acid at beginning of test, per cent : . . . . 



1.72 

Acid at end of test, per cent 



10.30 

Copper deposited per 1000 amp.-hr., pounds 



2.42 

Ampere efficiency, per cent 



93.1 

Copper deposited per kw.-hr., d.c. at cells, pounds 


1.4 

Acid regenerated per pound copper deposited, pounds 


3.01 


It is evident that the best working results would be obtained by stop- 
ping the electrol 3 ^ when the acidity reaches about 8.0 per cent, and by 
leaching until the acid in the solution coming from the ore approaches 
neutrality, instead of containing 1.72 per cent, acid, as in the test* 
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The solution from part 3, at the end of the sulfur-dioxide reduction 
test, containing 1.04 per cent, copper, 10.30 per cent, acid, and 0.48 per 
cent, ferric iron, was treated with copper-sulfide precipitate in an agitator 
tank with a slowly moving rotarj* stirrer. The sulfur dioxide had appar- 
ently reached its effective limit with the solution containing 10.30 per 
cent, acid, and part 4 of the test was to determine the reducing action of 
the copper-sulfide precipitate on this solution. 

The solution, before and after treatment with the precipitated copper 
sulfide, assayed in part as follows: 


Bbfobb, Aftbb, 

Pbb Cent, Per Cen 

Copper. 1.04 1.32 

Acid 10.30 9.16 

Ferric iron 0.48 0.07 

Total iron 3.06 3.06 

SmiMAET OP Past 4 op Test A, Coppbb-sulfidb Precipitate Reduction 

Copper in solution at beginning of test, per cent 1.32 

Copper in solution at end of test, per cent 1.18 

Acid at beginning, per cent 9.16 

Acid at end, per cent 9.80 

Total copper dissolved from precipitate, pounds 40.0 

Total copper deposited, pounds 30.0 

Ferric iron, reduced solution, at start, per cent 0.07 

Ferric iron, electrolyzed solution, at start, per cent 0.24 

Ferric iron, reduced solution, at end, per cent. .* 0.20 

Ferric iron, electrolyzed solution, at end, per cent 0.45 

Acid produced, per pound copper deposited, pounds 2.2 

Average current, amperes 142 . 0 

Average voltage across busbars of cells 1.67 

Average temperature, d^rees C 47.0 

Copper deposited, per 1000 amp,-hr., pounds 2.12 

Ampere efficiency, per cent 80.6 

Copper deposited, per kw.-hr., d.o. at cells, pounds 1.27 


The ferric iron in the solution increased quite rapidly from the begin- 
ning to the end of the test ; with an abundance of copper-sulfide precipitate, 
the increase should not have been very great. It was thought that the 
increase of ferric iron was due to the limited amount of copper-sulfide 
precipitate available for the test. To determine this point, a gmn.71 
amount of the final solution, containing 0.45 per cent, ferric iron was 
agitated with compressed air, with an abundance of copper-sulfide pre- 
cipitate, at a temperature of 50° C. The result was as follows : 


Before treatment 

After 6 min. treatment 


Ferric Iron, 
Pto Csm*. 

0.45 

0.11 


ACCDy 

Feb Casv, 
9.80 


Totai. Ibok, 
Fur Cbkt. 

3.06 
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Further treatment did not increase the reduction. While the reduc- 
tion is not complete, under very high acid conditions, it would appear 
probable that the remaining 0.11 per cent, ferric iron, which is not easily 
further reduced with copper-sulfide precipitate, would be similarly indif- 
ferent in redissolving copper from the cathodes in the electrolytic tanks. 

Part 4 of test A would indicate that there is no difficulty, either 
chemically or mechanically, in carrying out this step of the process, under 
working conditions. The copper-sulfide precipitate, after agitation with 
the electrolyte, settled quickly. The reduction, in so high an acid solu- 
tion, under working conditions, while not complete, is rapid. There 
should be no difficulty in getting effective reduction in any suitable 
agitator, and a clear overflow in a suitable separator, such as a Dorr 
thickener. The process would be entirely automatic. 

Some interesting design ratios can be derived from test A, although it 
will be understood that they may not be the best and are in no way final. 

Ratios fob Stjlfttr-dioxi3>b Rbotobr Used in Test 


Volume of reducer pool, liters 2080.0 

Rate of solution flow through reducer, liters per minute 12.0 

Average time passing through reducer, minutes, 2080 12. 173.0 

Volume of pool per cell-ampere, liters, 2080 -s- 480 4.3 

Volume of gas space, cubic meters 1.635 

Ratio of gas space to volume of pool 0.786 

Gas space per liter per minute of solution, cubic meter 0. 136 

Gas space per kilogram ferric iron reduced per minute, cubic 

meters 102.0* 

Total reducer volume, cubic feet 131.25 

Copper deposited per day per cubic foot of reducer volume, 
pound 0.23 


Demonstration Test B 

Test B was made with leach copper solution obtained from the present 
leaching plant, in the treatment of pyritic residue from acid manufacture. 
Water containing considerable chlorine is used in leaching the calcines, 
so that the resulting copper-sulfate solution contains small quantities of 
chlorine. A partial analysis of the solution used was as follows: Copper, 
1.95 per cent.; acid, 0.98 per cent.; total iron, 1.87 per cent.; ferric iron, 
0.28 per cent. 

The test was divided into two parts. The first part contemplated the 
deposition of the copper, without any reduction, to see to what extent 
the accumulation of ferric iron became injurious; and the second part 
contemplated the use of sulfur dioxide as a reducing agent by the Greena- 
walt process, to see to what extent the evils of the ferric iron could be 
corrected after the ferric iron had accumulated in highly injurious 
amounts. All other conditions remained the same. 
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SCMMABT, DeMONSTBATIOK TkST B 

Past 2 
SOs 

Part 1 RsmucnoN 
No Gbssnawalt 
KSDUOTI027 PbOCXBS 


Copper in solution at beginning, per cent 1-95 1.66 

Copper in solution at end, per cent 1-66 1.03 

Acid at beginning, per cent 0.98 2.25 

Acid at end, per cent 2.25 4.75 

Acid produced, per pound copper deposited, pounds 3.38 3.97 

Ferric iron at beginning, per cent 0.28 0.06 

Ferric iron at end, per cent 0.78 0.10 

Average temperature, degrees C 41.0 45.5 

Average current, amperes 161 . 5 157 . 1 

Average voltage across busbars of cells 1-84 1.75 

Copper deposited per 1000 amp.-hr., pounds 1*90 2.79 

Copper deposited per kw.-br., d.c. cells, pounds 1.02 1 . 593 

Average ampere efficiency, per cent 72.75 106.9 


After the first part of the test, and before the copper deposition for 
second part was started, the solution was given a preliminary reduction 
with sulfur dioxide in the reducer. The solution was circulated for 3 hr. 
without electrolysis. A sample of the solution taken from the reducer 
after 2 hr. treatment showed 0.05 per cent, ferric iron. The reducing 
action may be compared as follows; 

rCOPPSB. Acib, Fsbbzo Ibon, 

Pbb Csnt. Pbb Cbnt. Fbb Cbbt. 

Before SO* treatment 1.66 2.25 0.78 

After 3 hr, SOi treatment 1.66 2.94 0.06 

A compariBon of both parts of test B shows the advantages of thorough 
reduction. The ampere efficiency in the first part is only a little more 
than half that of the second. The ampere efficiency of over 100 per cent, 
in the second part is not a mistake, nor is it an inaccuracy; it is due to the 
small amount of chlorine in the solution, due to leacMng with water 
containing considerable chlorine. The sulfur dioxide in the reducers 
converts the cupric chloride into the cuprous chloride, and the electric 
current deposits twice as much copper, per ampere, from cuprous as 
from cupric solutions. It would appear also, that there would not have 
been any difficulty in depositing the copper out of the solution to as 
low as 0.50 per cent, or even 0.25 per cent., with the effective reduction 
accomplished during this test. 

CoupABisoN OP Demonstratiok Tbsts, with Operations at New 

COBNEUA 

An exceeding^ interesting comparison may be made, by comparing 
the demonstration test A (piurts 1 and 2) and (parts 1, 2, 3) with the New 
Cornelia operations for the year 1918, and for the month of 1918, 

the results of which appear to be considerably above the average. 
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Comparison, New Cobnbua Restilts, 1918, and March, 1918, with 
Demonstration Test A 


DBllONBOStATZON 



Nsw Cobnbua 
Ysab Mabcb, 

TS8T a 

Pabts Pasts 1, 


1918 

1918 

1 AND 2 

2t AN1> 3 

Copper in solution, beginning, per cent 

3.12 

2.92 

3.89 

3.89 

Copper in solution at end, per cent 

2.71 

2 52 

1.81 

1.04 

Copper removed, per cent 

0.41 

0 47 

2 08 

2.84 

Per cent, copper removed 

13.4 

16.7 

53.5 

73.3 

Acid at beginning, per cent 


1.70 

1.72 

1.72 

Acid at end, per cent 


2 1 

7,85 

10.30 

Acid increase, per cent 


0.4 

6.13 

8.58 

Ferric iron, beginning, reducers, per cent 



0 02 

0 02 

Ferric iron, at end, cells, per cent 



0.44 

0 45 

Average ferric iron, cell injBlow, per cent 

0.21 

0.09 

0.13 

0.226 

Average ferric iron, cell outflow, per cent 

0.82 

0 76 

0 22 

0.293 

Copper deposited per kw.-hr., a.c., pounds. . . . 

0.697 

0 76 

1 19 

1 15 

Copper deposited per kw.-hr., d.c., pounds. . . . 

0.82 

0 90 

1 44 

1.38 


This compaiison indicates an efficiency, in the copper deposition, of 
about 50 per cent, by the Greenawalt process over that obtained at the 
New Cornelia, and with a solution higher in iron, very much higher in 
acid, and with the removal of 53.6 per cent, and 73.3 per cent, of the 
copper, as compared with 13.4 per cent, and 15.7 per cent, at the New 
Cornelia, and with an acid increase of 6.13 per cent, and 8.58 per cent., 
as compared with 1.62 per cent, at the New Cornelia, before the solution 
is returned to the ore. 

That these results may be attributed to the method employed and 
not, appreciably at least, to any other cause, may be inferred by com- 
paring the above results at the New Cornelia with test B, in which part 
1 may be comparable with the conditions at the New Comeha. It . 
should be noted, in this connection, that the ferric iron, at the New 
Cornelia, for 1917, 1918, and to Jan. 1919, is given as follows: 

1917 1918 To 1919 

Average feme iron, inflow, cells, per cent 0.60 0.21 0.264 

Average ferric iron, outflow, cells, per cent 1.09 0.84 0.93 

In the second part of test B, the same solution was used as at the end 
of the first part, under practically identical conditions, except that 
sulfur dioxide was used in the Greenawalt process to reduce the ferric 
iron. In other words, the increase of efficiency in the second part 
over the first is directly attributable to the method employed and not to 
any other cause, and the presumption is that if the same method were 
applied to the electrolyzed solutions at the New Comefia, the same results 
would ensue. While the chlorine in the solution in test B may give a 
slightly increased copper deposition over the New Cornelia results, 
nevertheless, the comparisonholds so far as part 1 andpart2areconeenied. 

YOXb xocc.— 86 
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Comparison, New Cornelia Resulis op 1918, and March, 1918, with 


Demonstration Test B, Part 2 

New Coeselia 
Ybab Mabcs. 

1918 1918 

SOs Red. SOs Red 

Demonstbation 
Test B 

Part 1 Part 2 

No SOs SOa Red 

Copper in solution, beginning, per cent 

.. 3.12 

2.99 

1.95 

1.66 

Copper in solution, at end, per cent 

.. 2.71 

2 52 

1.66 

1.03 

Copper removed, per cent. 

.. 0.41 

0.47 

0.29 

0.63 

Per cent, copper removed 

.. 13.4 

15.7 

15.0 

38.0 

Acid at beginning, per cent 


1.70 

0.98 

2 25 

Acid at end, per cent 


2 1 

2.25 

4.76 

Acid increase, per cent 


0.40 

1.27 

2.50 

Total iron, per cent 


2.40 

1.87 

1.87 

Average ferric iron cell inflow, per cent 

.. 0 21 

0.09 

0.28 

0.06 

Average ferric iron, cell outflow, per cent 

Copper per kw.-hr., a.e., pounds 

.. 0.82 

0,75 

0.78 

0.107 

.. 0.697 

0.76 

0.847 

1.32 

Copper deposited per kw.-hr., d-c., per cent.. 

.. 0.82 

0.92 

1.02 

1 59 


It wiU be observed that the same increase of eflS.ciency, of about 50 
per cent., was obtained in the second part of test B over the first part, as 
is obtained over the results at the New Cornelia. 


Remarks and Conclusions on the Tests 

At the New ComeKa, the leach solution is passed through seven 
leaching tanks in series and remains in contact with the ore imtil the 
acid is practically neutralized. This solution, containing approximately 
3.06 per cent, copper, is then reduced with sulfur dioxide in towers and 
sent to the tank house, where about 0.44 per cent, of the copper is removed, 
and the solution returned to the ore, still containing 2.62 per cent., to 
be again brought up to the standard of about 3.0 per cent, copper going 
to the electrolytic department. It is believed that the leaching of a 5 
to 15-per cent, copper ore or concentrate with such limitations would be 
impractical. For a 16-per cent, concentrate, it would mean cycling the 
solution between the leaching and electrolytic departments at least 
thirty times, which would involve a leaching problem of some magnitude. 
A low-acid solution will not, ordinarily, give as high an extraction as a 
high-acid solution. A solution containing 2.63 per cent, copper will not 
be as active in dissolving copper from the ore imder any conditions as a 
solution containing from 1.0 to 1.5 per cent, copper. A solution low in 
iron will act more energetically on the iron in the ore than a solution 
higher in iron. 

It will be observed in test A, parts 1 and 2, that the copper content 
was easily reduced from 3.89 to 1.81 per cent., with an acid content, at 
the end, of 7.85 per cent., with a high ampere efficiency. This limit of 
acidity would be desirable for the solution for leaching under any condi- 
tions. In parts 1 to 3, the copper content was reduced from 3.89 per 
cent, to 1.04 per cent., with an acid content at the end of 10.30 per cent., 
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with a somewhat lower ampere efficiency. This is probably as high an 
acid content as it will ever be desirable to use in leaching operations. 

It is believed, therefore, that the tests show that any desirable leaching 
solution can be obtained by the Greenawalt process, and that the solution 
can be varied at will. 

If it is intended to leach copper concentrates, in which a large portion 
of the copper has been made water soluble, so that the acid regenerated is 
excessively high, the tests indicate that the copper can be deposited out 
to as low as 0.25 or 0.50 per cent., using sulfur dioxide alone as a reducing 
agent, so that even if a large amount of solution is wasted on account of 
excess acidity, the amount of copper that it would be necessary to 
precipitate chemically would be comparatively RTnall- 

Of course the question arises as to what extent the increased acidity 
of the spent electrolsrte would dissolve from the ore other ingredients 
than copper. The principal other ingredient is iron and so long as this 
is kept in the ferrous condition no other harm is done than to increase, 
probably not excessively, the amount of solution discard. 

The treating capacity of the sulfur-dioxide reducer plant can be 
gathered from the item “Cell-amperes per liters per minute for each 
reduction treatment.” Due to starting the reduction with a much lower 
ferric iron (2 per cent. vs. 10.3 gm. per liter) and ending at about the same 
ferric iron (1.3 gm. per liter) in the reduced solution, the Greenawalt 
method gives about 48 per cent, reduction instead of 87.3 per cent, 
obtained at Ajo. In consequence, the Greenawalt method would require 
more reducer-treating capacity per ceU-ampere-minute than is indicated 
by the smaller average ferric iron in the electrolyte; however the figure 
40 cell-amperes per liter per minute was- taken from test A, wherein was 
used an experimental reducer of more than ample capacity. It is reason- 
able to believe that 60 cell-amperes per liter per minute per reduction 
for the Greenawalt method woidd give the desired results. 

If air only were present in the device used for reducing, a slow oxida- 
tion of the ferrous iron would take place; hence, there must be for any 
set of related conditions a ratio between oxygen and sulfur dioxide in 
the reducer gas wherein oxidation and reduction are in equilibrium. 
This ratio must be quite low since the rate of oxidation of ferrous iron by 
oxygen gas is much slower at all ordinary temperatures than the rate 
of reduction of ferric iron by sulfur dioxide at the same temperature. 
Also the solubility of oxygen in water is less than 1 per cent, by weight of 
the solubility of sulfur dioxide, at temperatures above 40® C., and the 
reactions take place after the gases are dissolved. It is safe to say 
that an ordinary dilute roaster gas containing 3 or 4 per cent. SOs will 
reduce ferrous iron, and gas containing over 6 per cent, would be 
entiiely satisfactory. 
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Considerably more reducer volume would be required than tower 
volume, as used at the New Cornelia, but the construction of the reducers 
would be cheaper per unit volume, and the lift for pumping would be only 
about one-fifth as high. The solution, instead of being cycled through the 
electrolytic tanks alone, as in tower reduction, would be cycled through 
the electrolytic tanks and reducers; that is, the pumping of the solutions, 
as in the Greenawalt process, would take the place of circulating the 
solution through the electrolji;ic tanks and the pumping through towers. 
It is believed that the power required for circulation and reduction by 
the Greenawalt method would not exceed that by the tower system as 
now used. 

The roasting of sulfide ore is a necessary step in its metallurgical 
treatment, and as more sulfide ore can be economically treated than the 
sulfur-dioxide requirements would warrant, there is no advantage in 
depleting the SOa contents of the gas to the extent practiced at Ajo. 

As before mentioned, when using the Greenawalt method, there would 
be no need of making a special attempt to cool the roaster gases used for 
reducing, for the wanner the solution the more rapid and thorough is the 
reduction of ferric iron and also the lower the cell resistance. Another 
advantage derived from the hot gases would be the greater evaporation, 
which would create room for advancing wash solutions, thus making it 
possible to use more clear water for final wash. The use of hot gases 
would make it necessary to adapt an acid-proof chamber or flue after 
the reducer, which would cause a condensation and settling out from the 
exit gas of a dilute acid solution; this solution can be advantageously 
added to a dilute wash solution. 

Possibilities op Electrolytic Methods 

In the consideration of ore-reduction methods and the development of 
a new proc^, of the utmost importance are the ultimate possibilities 
of the process. Assuming practicability, it will usually be found that the 
process having the greatest theoretical possibilities will be most likely, in 
the end, to find the widest practical application. 

Sulfuric-acid leaching and iron precipitation, for example, have close 
limitations, for the reason that it takes at least 1.0 lb. of iron to precipitate 
1.0 Db. of copper; the add is neutralized, and none is regenerated for 
leaching purposes. A minimum fixed charge against the process may 
reasonably be assumed, therefore, as at least 1,0 lb. of iron, and from 2 to 
6 lb. of add, which has to be purchased or manufactured. Cement 
copper is the end product. Even if sponge iron can be cheaply produced, 
the advantage will not be great. 

In electrolsdic processes, the theoretical limitations approach the 
border line of perfection; electrolytic copper is produced direct from the 
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ore, an ampere efficiency closely approaching the theoretical can be 
obtained, and acid may be regenerated in sufficient amounts, on most 
ores, to make the process self-sustaining in add. These results are 
obtainable, at least with care; the only point to be determined is to what 
extent they can be realized in large-scale operations. 

An electrolytic process, operating on a basis of 1.4 lb. of copper per 
kw.-hr., d.c., with the regeneration of 3.0 lb. of acid, confines the possi- 
bilities of advance within these limits. That there is probability of 
advance is generally conceded, espedally along the lines of depolarization. 
If carbon anodes can be used in sulfate solutions, it should be quite within 
the range of probability to deposit 2.5 lb. of copper, per kw.-hr. It has 
already been demonstrated that the ampere effidency may dosely 
approach the theoretical, even with a solution containing 3.06 per cent, 
iron, and that very pure copper can be deposited from impure solutions. 
If this can be realized in practice, the possibilities for further cost reduc- 
tion will be confined wit^ narrow limits. The crux of the matter lies 
in the possibility of using carbon anodes in sulfate solutions; and the 
possibility of carbon anodes lies in effective depolarization; and effective 
depolarization lies in effective reduction. On complex ore, sulfate 
solutions have certain limitations in leaching. 

A possibility, in fact a probability, of advance lies in the use of chloride 
solutions. By the Greenawsdt process, as applied to chloride solutions, 
it should be quite possible to deposit from 4 to 5 lb. of copper per kw.-hr., 
with the regeneration of an equivalent of add. It should be remembered 
that sulfur dioxide reduces the cupric chloride to the cuprous state and 
the ferric chloride to the ferrous state, and that the electric current 
deposits twice as much copper from cuprous as from cupric solutions. 
Years of experimental work with chloride solutions, under these condi- 
tions, indicate that the disabilities that apply to carbon anodes, in sulfate 
solutions, do not apply to chloride solutions containing sulfates. With 
both cuprous and ferrous chloride acting as depolarizers in the deposition 
of the copper, the voltage, and consequently the power, may be reduced 
to a wiinimiiTn . 

In demonstration test A, with effective reduction, using sulfate solu- 
tions, 2.5 lb. of copper was deposited per 1000 amp.-hr. With the same 
ampere efficiency, with a cuprous solution, 5.0 lb. of copper would be 
deposited. The theoretical e.m.f. required for the deposition of copper 
from a cuprous-chloride solution, usii^ ferrous iron as a depolarizer, 
with carbon anodes, is only 0,15 volt, so that 5.0 lb. of copper per kw.-hr. 
is only about one-sixth of the theoretical. In test A, there was com- 
paratively little depolarization, due to using lead anodes; but this would 
not apply to a chloride solution, where carbon anodes would have to be 
used; and if, by the use of carbon anodes the e.mff. could be reduced to 
1 volt, which is within the range of practice, the possibility of depositing 
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6.0 lb. of copper, per kw.-hr., is by no means visionary. This, coupled 
with the fact that gold, silver, and small amounts of lead, may be 
extracted from the ore with the copper, with a chloride solution, pre- 
sents a theoretical condition, at least, of far-reaching possibilities. What 
complications maj’ arise in the use of chloride solutions on a large 
scale remains to be determined; probably none wiU arise that cannot 
be surmoimted. 


Recapitulation 

1. The Greenawalt process offers an effective solution to the high 
shipping and refining cost of copper ores and concentrates. 

2. The process is applicable to sulfides as well as to oxides; to concen- 
trates as well as to the ore direct. It is also applicable to low-grade matte. 

3. On suitable ore, it takes the place of smelting the ore to copper 
matte; of converting the matte into blister copper; and of the ordinary 
refining process to convert the blister copper into the electroljrtic metal. 

4. The plants are expensive to install, but they are highly efficient, 

6. The process is conveniently applicable to copper matte, if smelting 

is advisable as a preliminaiy treatment for ores that are not amenable 
to direct treatment with an acid solvent. 

6. The process is self-sustaining in acid on sulfide ores, on mixed 
ores, and on high-grade oxidized ores; while on low-grade oxidized ores the 
amount of acid to be purchased or manufactured is greatly reduced. 

7. The deposition of about 1.0 lb. of copper, a.c., or about 1.4 lb. 
d.c,, per kw.-^., is attainable with the simultaneous regeneration of 3.0 
lb. of acid, which is used cyclically in the process. 

8. On the basis of 1.0 c. per kw.-hr., a.c., for power, the power cost 
for the deposition of 1.0 lb. of copper and the regeneration of 3.0 lb. of 
acid, would be 1.0 c. The total power cost will be about 1.10 c. per lb. o f 
electrolytic copper produced. 

9. Power is one of the principal items of expense, both of installation 
and operation, and cheap power, within transmitable distance, is an 
important factor in the production of cheap copper. 

10. The efficiency of copper deposition in any electrolytic extraction 
process is primarily dependent on the ferric iron in the electrolyte. In 
the Greenawalt process, by properly proportioning the size of the pools 
of electrolyte under treatment of the sulfur dioxide and copper sulfide, 
and the rate of flow, any desired reduction of the fOTcic iron is obtainable. 

11. The copper may be effectively deposited from solutions of any 
acid content likely to be used in copper leaching. 

12. It is possible, by this process, to deposit about 60 per cent, more 
copper per W.-hr. than that shown by the published accounts of the 
lai^e electrolytic copper extraction plants now in operation. 
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13. The amount of copper requiring chemical precipitation will be 
only about 5 per cent, of the total copper produced, and this 5 per 
cent, is converted into the electrolytic metal in the regular operation of 
the process. 

14. There is no uncertain departure of any kind in the application of 
the process; no unusual or unproved apparatus is used. 

15. The entire process can be made practically automatic, and can 
be carried out mechanically. 

16. Copper ores or concentrates containing appreciable amounts of 
the precious metals can be successfully treated. 

17. Metallurgically, the process is independent of the magnitude of 
operation; plants may be installed and operated in any convenient units. 

18. While the process is applicable to low-grade oxidized or sulfide 
ores, it will probably find its widest application to the treatment of rela- 
tively high-grade ore and concentrates. 

19. The end product of the proce^ is all in the form of the electrolytic 
metal, salable direct to the consumer, if it is desired to dispose of it in 
that way. 

DISCUSSION 

Stuabt Cboasdale, Denver, Colo, (written discussion). — ^The author 
has made a decided advance toward solving the ferric-iron problem in 
copper leaching and electrolytic precipitation. All plants, heretofore, 
confronted with this problem and using this process have done no more 
than extract a small percentage of copper from the lixivium during 
each leaching cycle. 

There are few mines of oxidized copper ore in the world where this 
problem will not arise from the character of the mineral and gangue. 
The most notable exceptions are the mines of the Chile Copper Co. at 
Chuquicamata, and possibly the Katanga mines in the Belgian Congo, 
Africa. At the New Cornelia mine, both the iron oxide and alumina were 
the resultant products of slow oxidation in an arid region. Both were 
in what might be termed a “freshly precipitated '' condition and were 
readily soluble in acid of any strength. Neutr^zing the Irxiviant by 
means of fresh ore did not remove this difl&culty because the precipitated 
iron oxide was immediately dissolved by any free acid in the succeeding 
lixiviant. I never believed that any ultimate advantage is gained by 
reducing the acidity of the lixiviant below 3 per cent., or probably 5 per 
cent., when the time element, plant capacity, and all other things are 
considered. The author has demonstrated that he can commercially 
reduce the ferric iron and obtain a hi^ recovery of the copper from 
lixiviums containing as much as 8 and 10 per cent, of free acid. 

Any oxidized ore derived directly in situ from primary sulfides must 
necessarily be contaminated with a certain amount of sulfide ore. New 
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Cornelia was no exception for, in places, the sulfide ore came almost to the 
surface. It is impossible to extract the copper from sulfide ore with 
sulfuric acid alone. Ferric sulfate is helpful for this purpose, provided 
the crude ore contains no aJhaline earth to precipitate the iron before 
the solvent action of the ferric sulfate can become effective; but in the 
weathering process of porphyry ores there is nearly always some free base 
material of this character. 

With both soluble oxide of iron and residual sulfide minerals present 
in the ore, the question arises whether it might not be better to strike 
at the root of the trouble and roast the crude ore before leaching in order 
to make the iron oxide less soluble and to make the copper, as sulfide; 
soluble. I will admit that, at first sight, a roasting plant of this magnitude 
might appear to be a prohibitive expense; but when the expense of a 
leaching and electrol 3 rtic plant is considered, such as that constructed at 
Ajo, which is replaced in a few years by a proportionately expensive 
concentration plant to treat the sulfide ores, the expense in the first place 
of a roasting plant that would assure the continued use of the leaching 
plant for the sulfide ores, might not be a bad investment when the final 
balance sheet is made. Anaconda has sufficiently demonstrated that 
roasting low-grade material for leaching is not impracticable. On the 
other hand, a concenlaration and dotation plant might be installed in the 
first place for the treatment of both oxidized and sulfide ores and this 
augmented by a roasting and leaching plant. Should the latter sugges- 
tion be adopted, it would be a small matter to go a step further and add 
chloridizing roasting to the flow sheet, thereby secunng the economic 
advantage of the chlorides of copper for electrol 3 diic precipitation. This 
would also avoid any loss from undecomposed sulfide of copper that 
m%ht occur from desulfurizing roasting alone. This process has been 
successfully operated in Europe, since 1860, on pyritic cinder containing 
less than 3 per cent, copper and has been used in this country for a long 
time. Sudi a process would not be commercial on porphyry ores carrying 
1^ per cent, copper, but it has possibilities worth considering. Salt is a 
cheap reagent and is cheaply transported. 

Colin G. Fink,* New York, N. Y. — On p. 666, the author says; “It 
is possible, by this process, to deposit about 50 per cent, more copper per 
kilowatt-hour than that shown by the published accotmts of the large 
electrolytic copper extraction plants now in operation;” and on p. 651, 
“Inasmuch as 60 per cent, of the power for deposition could be saved by 
the successful use of carbon anodes, it might be well to give carbon a trial 
under the new conditions.” This 60 per cent., according to our 
experience, seems very high as compared with our values for the nbiift-r 
copper silicide anode. We would be interested to obtmn further details 

* Professor of Mectiochemlstiy, Columbia Univeiaty. 
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of the conditions under ■which this high value of 50 per cent, was 
obtained. 

Arth’ue L. Walker, * New York, N. Y. — Is that not due to the differ- 
ence in the salt? 

Edward F. KEHN,t New York, N. Y — ^The low-power required is 
probably due to the use of carbon anodes, and SO* depolarizer, which 
brings about the low potential drop; that is what he has reference to. 
By using carbon anodes, it is possible to produce sulfuric acids by oxida- 
tion of SO 2 , and the heat of formation of the sulfuric acid causes a corre- 
sponding reduction of power. This has been shown in the laboratory, 
whether the SO 2 is added through 'the perforated anodes or added directly 
to electrol 3 die alone. 

R. C. Canbt, Wallingford, Conn. — ^But you would not get 50 per cent. 
I have seen 50 per cent, given somewhere in literature on this subject, 
but I cannot recall where; he may have gotten it as an accepted fact. 

Henry A. Tobblmann, Brooklyn, N. Y. (written discussion). — 
The process here described is very similar, in many respects, to the 
process so successfully used in treating about 10,000,000 tons of oxidized 
copper ores by the New Cornelia Copper Co. at Ajo, Ariz. Up to 1912, 
there were no leaching plants in operation with tonnages sufficient to 
create much interest, with the possible exception of Rio Tinto, where 
heap leaching had been carried on for a long time. About this time, 
however, the experimental work carried on, under the supervision of 
E. A. Cappelen Smith, for the beneficiation of the Chuquicamata ore 
had been brought to a dose. Van Arsdale and Addicks were still carry- 
ing on leaching tests in Douglas, and work on the New Corndia problems 
was under way. 

The Ajo work was carried on first with the idea of simple sulfuric-acid 
leaching followed by precipitation on some form of iron. The use of iron 
suggested metallizii^ the acid-plant calcines and using the resulting 
feponge iron. In the fall of 1913, the management became interested in 
the possible application of electrolysis, as there seemed to be no reason 
why standard refinery practice should not be applied to the solution of 
this problem. A process using a patent wood-veneer diaphragm anode, 
(invented by F. L. Antisell) was tried. The process consisted of: (1) 
Leaching ■with sulfuric acid by upward percolation, (2) reduction of the 
ferric sulfate in the pregnant solution 'with sulfur dioxide, (3) main- 
taining separate circulation of the anolyte and catholyte, (4) return 
of the anolyte to the ore. The difficulty of maintaining this separate 


* Professor of Metallurgy, Columbia XJnivermty. 
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circulation of anolyte and cathol 3 die and the bulkiness of the patent 
anode made a large installation of this process impracticable. The 
three months' work, however, showed a few of the advantages of upward 
percolation and sulfur-dioxide reduction. During this work, towers 
filled with coke were first tried; later, this coke was replaced with quartz. 
Gas scrubbers were then suggested; first a vertical and later a horizontal 
cylindrical scrubber was tried. The latter form was similar to that now 
employed by the author. While the results were much alike, it was 
agreed that towers would be less expensive to build, less troublesome to 
operate, and less difficult to keep clean. 

The author reduces the ferric sulfate as fast as it is formed by circu- 
lating his electrolyte in closed circuit with his reducing apparatus. At 
Ajo, the solution is reduced but once per cycle. Continuous reduction 
was, at one time, considered but early in our work we found that the 
difficulty of reducing ferric sulfate with sulfur dioxide increased as the 
acid increased, and that while a neutral solution was quite readily 
reduced, an acid solution was not. The author's successful solution of 
this problem is of great importance as continual reduction of the ferric 
iron will mean improved ampere efficiency. 

The author uses hydrogen sulfide for the precipitation of the copper 
from the discard solution; at Ajo scrap iron is used. He dissolves the 
copper sulfide in tank-house electrolyte, taking advantage of the bene- 
ficial reducing action so obtained; at Ajo, a part of the process consists of 
dissolving the cement copper in a similar manner and with the same 
purpose in view. It was our opinion that the use of hydrogen sulfide 
for this precipitation was more expensive than the use of scrap iron for 
this purpose. Probably many of the former disagreeable features of the 
use of this gas have been overcome by the author. 

The production of acid by the Greenawalt process is important, as it 
makes the process not only self-contained but independent of outside 
conditions. At Ajo, we were able for quite long periods to carry on leach- 
ing with the addition of but a small quantity of outside acid. Under 
normal conditions, probably 70-75 per cent, of the total acid neutralized 
per ton of ore in the plant of the new Cornelia Copper Co. is plant acid. 

In this connection, a few words regarding acid concentration might 
be of interest. In the leaching of copper ores with sulfuric acid, the acid 
concentration is very important. Sulfuric acid has a selective action 
for copper, while the lower the acid concentration the longer is the time 
of leaching necessary; on the other hand, the less impurities will be dis- 
solved per pound of copper. This fact was brought most forcibly to 
our attention during 1921 when, as a result of the unusual condition of 
the copper market, we were allowed to operate at 50 per cent, capacity. 
To operate the plant to the best advantage, this meant leaching 16 days 
as against the normal period of 8 days, and resulted in leaching with 
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1.2 per cent, sulfuric acid against the normal of about 2.4 per cent. 
Comparing the results for 1920, a normal year, with those of 1921, when 
operating at 50 per cent, capacity, showed that in the former case about 
40 to 60 per cent, of the acid was neutralized by impurities as against 
10 to 15 per cent, in the latter case. 

The author states that a solution low in iron will act more energetically 
on the iron in the ore than a solution high in iron. While this may be so, 
our experience at Ajo does not entirely agree with it. The principal 
impurity dissolved at Ajo was not iron but alumina. Of the total acid 
combined with impurities, approximately 52 per cent, was combined with 
alumina, 32 per cent, with iron, 15 per cent, with magnesia, and 1 per 
cent, wdth lime. The greater the acid concentration, the greater is the 
acid consumption per pound of copper leached, and it will be quite neces- 
sary to determine the most profitable acid concentration for each ore 
to be treated. 

On p. 532, the author speaks of the necessity of the neutralization 
of the free acid before the precipitation of the copper by iron can be 
accomplished. I believe that in refinery practice copper solutions are 
precipitated by means of iron which contains as much as 15 per cent, free 
sulfuric acid. Complete precipitation is generally obtained without 
neutralization and without excessive iron consumption. 

On p. 533, he says, “all things considered, the electrolytic method 
can stand a fairly high power cost ... of 1 cent per kw.-hr. I am 
of the opinion that neither at the Chile Copper Co. nor at the New 
Cornelia Copper Co. is the cost of power less than this figure. It might 
also be of interest to know that the power cost is approximately half of the 
total electrolytic cost. 

On p. 563, the author says that copper can be deposited out to as 
low as 0.25-0.50 per cent. We found that when the copper in our 
solutions at Ajo reached 1.0 per cent, the deposit became brittle; when 
the solution reached 0.5 per cent, the deposit was mos^ and would fall 
off in masses similar to cement copper. The results obtained by the 
author are probably the result of the high acidity and the sidfuric dioxide 
in the solution. 

Much stress was laid on the necessity of having a roaster gas high in 
sulfur dioxide; it was said that such a gas could be obtained only by 
burning elemental sulfur. Quotations on elemental sulfur were obtained 
and plans made to bum 20 tons or more per day. On investigating the 
work that had been done at paper mills, we foimd that by roasting pyrite 
under proper conditions, there could be obtained a gas nearly as high 
in sulfur dioxide as when elemental sulfiu was burned. As a result, 
instead of buying elemental sulfur at $30 per ton, we were able to use 
Bisbee pyrite, which cost less than half as much and of which we had a 
great quantity. For a while we were somewhat perturbed about the 
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strength of gas necessary. Like many other things the importance of 
this had been exaggerated; excellent reduction has been obtained with 
gas containing as little as 3 per cent, sulfur dioxide. This does not 
change the fact, however, that the more concentrated the gas the more 
active will be the reaction. 

On p. 562, the author states that to dissolve a 15 per cent, con- 
centrate it would be necessary to circulate the solution between the 
leaching tanks and electrolytic tank house about thirty times. I do not 
t.hinlr that the conditions of treating an ore carrying 15 per cent, copper 
with those existing when treating a 1.5 per cent, copper are comparable. 
To begin with, a 3-mesh 15-per cent, ore would never be treated by 
leaching. The acid concentration also would be quite different, being 
nearer 10 per cent, than 2.5 per cent. I can, however, readily visualize 
the treatment of a 16-per cent, ore without much diSSculty. 

On p. 541, the author states that absorption towers used for reducing 
ferric iron in copper solution have not given as good results as were 
hoped for even with the use of towers in series. The towers at Ajo are 
the only ones I know of used for this purpose and they have done what 
we expected of them. In this connection, I would be much interested 
to know the space required by the special device to reduce a quantity 
of ferric sulfate equal to that treated per day at Ajo. 

In considering the ferric-sulfate results given as representative of 
operations at Ajo, it should not be forgotten that as time went on con- 
ditions improved to such an extent that the ferric sulfate in the solutions 
entering the tank house probably averaged not over 0.05 per cent, for 
the last five years of operation, and those leaving the tank house probably 
not over 0.40 per cent. For the past three years, these figures will 
probably average about 0.05 per cent, in and not over 0.30 per cent, 
out of tank house. 

OuvBK C. RaIiSton,* Berkeley, Calif, (writtwi discussion). — ^The 
leduction of ferric-sulfate solutions by sulfur dioxide is discussed, on 
pp. 640-543, especially in connection with the reducing towers of the New 
Cornelia Copper Co., at Ajo. In roasting ore and passing the roaster 
gases into the reducing towers, the Ajo plant is actually passing more 
oxygen ‘than sulfur dioxide through thdr solutions. Normally, as 
pointed out at the bottom of p. 563, oxygen from the air is quite inert 
toward either sulfur dioxide or forous-ealt solutions at the temperatures 
involved. However, the Bureau of Mines has, for several years, been 
studying the simultaneous oxidation of sulfur-dioxide and ferrous-sulfate 
solutions by air and finds that it is quite rapid. The two reducing agents 
together are quite easily oxidized by air and the reactions are spoken of as 
being “induced reactions.” One reducing agent acts as a “promoter” 


*SapeTmtendeiit Pacific lixperimeint Station of Bureau of Mines. 
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and the other reducing agent acts as an “accepter.” Possibly the sul- 
furous acid takes up an oxygen molecule to form monopersulfuric acid, 
H 2 SO 6 , which is unstable and gives up an oxygen atom to the ferrous 
sulfate, which can thereby be oxidized to the ferric state. Alternatively, 
the ferrous compound may be the first to promote the reaction by taking 
up the oxygen molecule to form a peroxidized iron salt, which then loses 
part of its oxygen to the sulfurous acid in solution, making it become sul- 
furic acid. Whether the ferrous iron or the sulfurous acid is the acceptor 
is unimportant to the metallurgist. The fact remains that the simultane- 
ous rapid oxidation of the two reducers is possible and seems to be of 
possible commercial value. This explains the difficulty that has been 
experienced at Ajo in reducing the solutions. Fortunately, a tower is 
one form of apparatus in which reduction can be accomplished more 
rapidly than oxidation by the air takes place; but complete reduction 
is impossible. Our experience is counter to the surmise of the author, 
on p. 643, that a finer division of the gas current or of the solution would 
aid reduction. We find that the greater the surface of contact the more 
efficient is the oxidation reaction. If the gases are passed through the 
iron-sulfate solutions in fine bubbles, as in a flotation cell, the oxidation 
reaction preponderates; and with si^ciently fine bubbles the same gas 
that reduces at Ajo in the present towers woTild almost completely oxidize 
ferrous iron to the ferric state. The form of the apparatus is, therefore, 
of extreme importance. 

We find that increasing acidity of the solution decreases the rate of 
the oxidation, just as the Ajo plant and the author finds that acidity 
decreases the reduction rate. We have utilized this fact in working out 
an analytical method for determining sulfurous acid and ferric iron in the 
presence of eacffi other — ^we strongly acidify the solution to stop reduction 
of the ferrous iron by sulfur dioxide and immediately titrate the ferrous 
iron and subtract from the total iron analysis to determine the ferric 
iron present. 

On pp. 550 and 559, the author says that the ferric sulfate which he 
cannot reduce by roaster gases to the ferric state may also be inactive with 
respect to the copper cathodes in an electrol 3 rtic cell. This discussion 
of the reason for this “unreducible” ferric iron will make it dear that its 
failure to reduce by the roaster gas in the tower has nothing to do with 
its ability to be reduced by metallic copper in* the deoxidized solutions 
adjacent to the cathodes. AU that is necessary is to keep atmospheric 
oxygen away if the ferric iron is to be completely reduced. By using 
pure sulfur dioxide and keeping out oxygen entirdy, a complete reduction 
would have been possible. 

The Greenawalt reduction step by sulfur dioxide is limited to solutions 
of low acidity and to the use of gases containii]^ hi^ sulfur dioxide 
content and low or^rgen content. When roaster gases are used, fine 
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division of the gas, as obtained in the more efficient absorbers, is to be 
avoided. 

This brings up the question as to whether two-stage reduction is neces- 
sary at all. Hydrogen sulfide, as used by the author for making precipi- 
tated copper sulfide, which will perform the second step of reduction, is at 
best an expensive and dangerous gas to handle. Besides it is interesting 
to note, on pp. 558 and 559, that when agitating some of the partly 
reduced solution with copper sulfide precipitate by means of compressed 
air it was impossible to obtain a complete reduction, even with excess 
copper sulfide, and 0.11 per cent, of ^'unreducible'^ ferric iron remained in 
the solution. Evidently another induced reaction involving solid copper 
sulfide and ferrous sulfate solutions, with air as the oxidizer, is involved. 
Again let me object to the author’s surmise that the ^'unreducible” 
ferric iron will be indifferent toward the copper cathodes in the electro- 
Ijrtic tanks. 

On p. 560 is a summary of Demonstration Test B in which an electric 
current efficiency of 106.9 per cent, was obtained during part 2. The 
author explains this as due to the presence of cuprous chloride in the 
solution. As cuprous chloride is not very soluble I suspected that, like 
the New Cornelia plant cathodes, the cuprous chloride would be found in 
part in the cathodes themselves and that they were therefore too heavy 
by at least this amount. I therefore called at the plant where this work 
had been done and obtained the chlorine analysis of the cathodes, which 
was 0.45 per cent, for all the cathodes produced during the period of 
experimentation. Unfortunately the chlorine analysis of the cathodes 
from this particular test was not available. However, this corresponds 
to 1.26 per cent, anhydrous cuprous chloride in the cathodes, with a 
good possibility that the particular batch in question had been more 
highly contaminated. The only comment that can be made safely, 
therefore, is that the current efficiencies reported are probably too high 
and an apparent efficiency of 106.9 per cent, may not be due to the electro- 
lysis of cuprous chloride but to chemical deposition of cuprous chloride 
on the cathodes, in whole or in part. I state this to emphasize the 
author’s acknowledgment of the condition. 

The author has summarized quite well the advantages of making 
electrolytic copper direct from the ore and his process is his solution of the 
vexing problem of what 'to do with the impurities in the electrolyte. I 
wish, however, to discuss the advantages of having a little ferric iron in 
the solutions instead of eliminating it as the author does. In the first 
place, it attacks sulfides in the ore. During a visit to the Ajo plant some 
time back, I found that about 40 per cent- of the sulfide copper present in 
the oxidized ore was being recovered through its dissolution by means of 
ferric iron in the solution from the electrolytic cells. Also, H. W. Morse 
(in a private communication) said that with solutions completely free 
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of iron he found it difl&cult to get firm smooth cathodes; seemingly a small 
amount of ferric iron is wanted. 

Even such a plant as that of the New Cornelia does not make finished 
copper, as the cathodes contain enough chlorine to make melting neces- 
sary in order to slag it. Cement copper can be made well over 90 per 
cent, pure, as exemplified by the recent work of the Ohio Copper Co., and 
likewise will be melted in the refining furnace and most of its impurities 
removed before casting. If a little trouble is taken in purifying solutions 
before cement copper is made, so that the cement can be sold direct to the 
remelting furnace of the copper refinery, a much less expensive plant than 
an electrolytic leaching plant can be built. 

William E. Greenawalt (author’s reply to discussion). — Since the 
paper was written, the process has been tried in a small complete demon- 
stration plant. These tests show that 1.4 lb. of copper can be deposited 
per kilowatt-hour in the regular operation of the process, using lead 
anodes. This result is probably due to the high ampere efliciency obtain- 
able under effective reduction of the ferric iron, to the higher permissible 
temperature, and to the increased add and salt content of the electrolyte. 

By the use of carbon anodes, the voltage required for the deposition of 
the copper is greatly reduced. The obstacle to the use of carbon anodes 
in sulfate solutions, however, has been the disintegration of the carbon, 
but this obstacle is not considered insurmountable. Anson G. Betts 
was one of the first to call attention to the possibility of carbon anodes in 
the electrolysis of sulfate solutions containing ferrous sulfate, and in 1905 
patented the process of moving carbon anodes through the solution to 
facilitate depolarization. He claimed reasonable permanence for the 
anodes and an increased current efficiency of from 50 to 100 per cent. He 
also called attention to the advantages of high temperature in effective 
depolarization in the use of carbon anodes without moving the anodes. 

In 1915, Addicks, after careful experiments with carbon anodes in 
electrolyzing copper-sulfate solutions containing ferrous sulfate, came to 
the conclusion that “carbon anodes will stand up in sulfate liquors if 
they are properly depolarized,” and that, “2.25 lb. of copper per kilowatt- 
hour can be recovered imder proper operating conditions.” It is there- 
fore thought that 1.4 lb. of copper per kilowatt-hour, direct current, 
using lead anodes, is about 60 per cent, more than that given in published 
accoxmts; and that 2.26 lb. per kilowatt-hour, using graphite anodes, 
would increase this from 50 to 100 per cent. If chloride solutions are 
used, it may be possible even to double the latter figure. 

Ab the process described is in no way limited to the use of any particu- 
lar anode, possibly copper-silicide anodes may show an increased efficiency 
over lead anodes, as they have at Ghuquicamata, should copper-silicide 
anodes become generally available. It is believed, however, that if 
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conditions can be arranged to prevent the unusual disintegration of 
carbon anodes, no metal anodes will be able to compare with them in 
point of current efficiency. 

In 1911, the author made an estimate for George H. Augustine, 
President of the Cornelia Copper Co. (old) for a 1000-ton plant based on 
sulfate leaching, electrolj’sis, and sulfur-dioxide reduction in towers. 
He had been experimenting with two towers 30 ft. high, one filled with 
coke, the other with pebbles. The coke tower seemed to give the 
best results. 

The limitations of such a process were evident to the author at the 
time, as has since been found at the New Cornelia, and his ideas were 
fairly well advanced to overcome the difficulties, but it is a far cry from 
an idea to a process. Nevertheless, with all the imperfections of so crude 
an electrol;ji:ic process, he was firmly convinced, when he made the 
estimate for IVIr. Augustine, that it was far in advance of any purely 
chemical method available at that time. The remarkable achievements 
at the New Cornelia with the electrolytic process there in use are due 
more to the superior engineering and metallurgical talent employed in 
developing the process, than to any intrinsic merit the process itself 
may possess. 

The cost of chemicals, or material, per pound of copper precipitated 
from waste or foul solutions, is about the same when using hydrogen 
sulfide as when using iron. By the use of hydrogen sulfide, the amount of 
copper to be precipitated is relatively small as compared with iron 
precipitation, and the precipitate is much more cheaply handled. Care- 
ful tests in a small demonstration plant showed that the copper could 
be deposited electrolyticaUy from waste solutions to as low as 0.10 per 
cent., from a bead elpctrol3rte containing 4.0 per cent, copper, used 
cyclically in the process. To state the matter differently, the comparison 
should be made between precipitating 0.10 per cent, copper from the 
waste solutions with hydrogen sulfide, as preferred in the Greenawalt 
process, and the 2.12 per cent, given for the New Cornelia; much less 
copper solution would be wasted in the Greenawalt process than at the 
New Cornelia for the regular solution can be electrolyzed with a higher 
iron and acid content. 

A high-add solution will dissolve more iron and other impurities than 
a low-add solution, under the conditions at the New Cornelia; that is, 
with the solution in contact with the ore for 8 days imder normal condi- 
tions and 16 dayn under very low add conditions, but this does not apply 
generally. In other words, the solution of impurities is mostly a function 
of time as well as of acidity, and if the strong add solution is in contact 
with the ore a short time the amoimt of impurities dissolved probably will 
not be much larger than if a weak add solution is in contact with the ore 
a long time, the copper extraction in both cases being the same. In 
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treating copper ores, the author prefers agitation to percolation, using 
fairly strong acid solutions, with the time element reduced to a minimum. 
With weak solutions, the time element is too great for satisfactory use in 
agitation. A satisfactory extraction can be obtained on many ores with a 
few hours agitation. It is probable that agitation would necessitate 
finer grinding, but finer dry grinding in large rod mills, while not as 
cheap as wet grinding, is quite within the range of practicability and 
screening, with dry rod-mill grinding, could be dispensed with, or greatly 
reduced. 

Al umin a, to a certain point, is beneficial in the electrolyte, and no 
particular attention need be given it in the deposition of the copper. Its 
principal detrimental effect would probably be in the leaching, but this is 
not so pronounced with agitation as with percolation. 

It is well known that copper can be effectively precipitated from acid 
solutions with iron, without neutralizing the acid, but it is doubtful 
whether the copper precipitation can be made complete, or almost 
complete, without first neutralizing, or nearly neutralizing, both the 
acid and the ferric iron. At the New Cornelia, both the acid and the 
ferric iron are practically neutralized to get the copper content in the 
effluent down to 0.02 per cent. 

Copper deposited from a 4.0 per cent, solution down to about 1.0 
per cent, gives bright cathodes of high purity. At about 1.0 per cent., 
the solution, diluted with a certain amount of water, is returned to the 
ore. The relatively small discarded portion is electrolyzed from 1.0 per 
cent, down to about 0.10 per cent. In depositing from 1.0 per cent, down 
to 0.5 per cent., the cathodes are firm and fairly pme. At about 0.5 
per cent., they show discoloration; and at 0.10 per cent, the deposit 
becomes granular, rather impure, and may drop from the cathodes. The 
copper from this portion of the electrolysis contains from 84.5 to 98.5 
per cent, copper, the principal impurity being oxygen; the copper is 
deposited at the rate of about 0.75 lb. per kw.-hr. This copper would 
probably be pure enough for direct fusion refining, or it could be redis- 
solved and converted into pure cathodes. 

In the use of towers, the experiments at Ajo showed whattheauthor 
had found in his experimental work; viz., that as the acidity of the 
electrolyte increases the reduction of the ferric salts becomes more 
diflSicult. At Ajo, the reduction in towers, with sulfur dioxide, was so 
unsatisfactory that apparently no serious attempt was made to surmount 
the dijOficulty of reduction with acid solutions. The process, as there 
adopted and patented, was based on the idea of maintaining a substan- 
tially neutral solution for effective reduction. It is at this point that 
some of the author^s work diverges radically from that done at the New 
Cornelia; he worked along the lines of reducing add solutions, which at 
the New Cornelia was thought to be impractical. 

vau lax. — 87 
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While more reducer space will be required in the Greenawalt process 
than tower space at the Jfew CJomelia, reducer space, or volume, is cheaper 
to install than tower space; and when the storage tanks and spraying 
chambers at the New Cornelia are taken into consideration the difference 
will not be so great as to be objectionable. 

The economy of the Greenawalt process has not been fully developed, 
but it is thought that a comparison of the first results obtained under 
demonstration conditions could be fairly compared with the results of 
the first two years of operation at the New Cornelia, as published. 
Howev'er, the figures given for the reduction of the ferric iron at the New 
Cornelia for the past three years are not fairly comparable with those 
given for the Greenawalt process, as the reduction at the New Cornelia 
includes the use of cement copper (presiunably about 25 per cent, of 
the total amount of copper produced) which is redissolved in the electro- 
lyte with the simultaneous reduction of ferric iron, while the figures given 
for the Greenawalt process are based on the use of sulfur dioxide alone, 
unless otherwise stated. 

It is not thought that the finer division of the liquid in the gas, in the 
Greenawalt reducers, necessarily acts more energetically than in towers, 
and no essential step of the process is based on that distinction. The 
advantage is based more, primarily, on the application of the gas to large 
volumes of the solution and at a higher temperature, thus emphasizing 
the elements of time and rapidity of reaction. With neutral solutions, 
the ordinary reducing reaction between ferric iron and sulfur dioxide 
offers no particular difficulty. The difficulty increases with the acidity, 
and the acidity increases proportionately to the copper deposited. In 
the Greenawalt reducers, a large volume of the solution is under con- 
tinuous treatment with the gas, practically under conditions of satura- 
tion; while in towera, the treatment is of relatively short duration. 

The process is not sensitive, either as to the concentration of the gas or 
the acidity of the solution, within the limits of practical leaching opera- 
tions, or say up to 8.0 or 10.0 per cent. acid. In very complete tests 
recently made, the sulfur dioxide in the gas used did not exceed 2.0 per 
cent., most of the time it was less; 1.4 lb. of copper was deposited per 
kilowatt-hour under these conditions, depleting the copper in the solution 
from 4.0 to 1.0 per cent., when it was returned to the ore. The depos- 
ited copper was of high purity. 

The reference to the oxidation, instead of reduction, of the soluble 
iron, when treated with sulfur dioxide, is interesting. For years the 
author has been familiar with the patent to Deby,“ in which is niniTwarl 
“The method of regenerating the iron sulfate used in lixiviation, which 
consists in subjecting the ferrous-sulfate solution to the fumes or gases of 


“Pat. No. 240309, April 19, 1881. 
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sulfurous acid, whereby its conversion into ferric sulfate is effected/^ 
Ordinary towers are mentioned as suitable apparatus to carry out the 
process. The reaction, under the conditions under which the author 
was operating, was always reducing. When 2.0 per cent, gas was used, 
it was passed through four small reducers in series. It is realized that 
a highly concentrated gas, say gas containing 7.0 to 9.0 per cent. 
SO 21 with a consequent minimum oxygen content, would be much 
more effective than a gas low in SO 2 , with a corresponding relatively 
high oxygen content, but a process to be practical cannot have very 
narrow limitations. 

It is realized that the “unreducible^’ ferric iron from SO 2 or CuS 
reduction is attacked by metallic copper, but his experience leads the 
author to conclude that it would be more or less with the same difficulty 
as further attack with SO 2 or CuS. Complete reduction in a commercial 
plant is very difficult under any condition. 

When copper is deposited from a chloride solution, or a solution 
containing chlorine, it is rarely, if ever, free from chlorine; with 0.45 
per cent., or more, chlorine in the cathodes, this would not account for 
much of the excessive current efficiency of 106.9 per cent., in test B; 
whereas, the deposition from the cuprous chloride would account for it, 
allowing for the relatively small amount of the chlorine as an impurity. 

Two-stage reduction is not necessary: in fact in the tests given in the 
paper, and in much more careful and elaborate tests recently made, 
practically aU the reducing was done with sulfur dioxide. In the first 
tests the copper sulfide was applied to the waste solutions from sulfur- 
dioxide reduction; and in the later tests the copper sulfide was applied 
direct to the leach solution without any application of sulfur dioxide. 
The cathodes obtained in the later test, with CuS reduction alone, were 
bright and of exceptional purity, and the electrolysis showed no signs of 
weakness until the CuS was practically exhausted and the copper in the 
electrolyte depleted to 0.62 per cent., with an acid content of 6.20 per 
cent. The average ferric iron in the reduced solution was 0.051 per cent., 
and 1.4 lb. of copper was deposited per kilowatt-hour, direct current, for 
the entire test. 

Manifestly, if ferric iron is desired in the leach solution, it can be 
increased to any extent desired, as at the New Cornelia, by bypassing 
the solution around the reducer, or by simply circulating the solution 
through the last group of cells and diverting a portion of the effluent 
solution from the cells to the leaching department and another portion 
back to the reducer. In any event, it is not intended to reduce the 
electrolyzed solution from the last group of cells before returning it to the 
ore, and the operator can determine the ferric content desired. 

It is true that very pure cement copper can be made with a relatively 
pure iron and by purifying the solutions before precipitation. The 90 
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per cent, cement copper produced by the Ohio Copper Co. is of excep- 
tional purity for cement copper, and the solutions are not punfied, but the 
iron used is clean detinned scrap and is considerably more expensive 
than common scrap iron. As a matter of fact, common scrap iron is 
not a desirable precipitant; at the New Cornelia and at the Mountain 
Copper Co., scrap tin is principally used. 

Electrolytic plants are expensive to install, compared with iron 
precipitation plants, but the electrolytic plants can be much more econo- 
mically operated. The comparison cannot be limited to the cost of 
power and the cost of iron per pound of copper produced. As su mi ng a 
net consumption of about 3.0 lb. of acid per pound of copper produced, 
as in the New Cornelia experiments, the comparison should be made on 
the basis of 3.0 lb. of acid for solution and 1.0 lb. of iron for precipitation, 
as against 1.4 lb. of copper per kilowatt-hour, direct current, with the 
simultaneous regeneration of about 3.0 lb. of acid, which is used to 
dissolve the copper. If an acid plant is installed in connection with iron 
precipitation, it will cost nearly as much as an electrol 3 rfcic plant; if the 
acid is bought and shipped in, the cost of the acid in most cases will be 
prohibitive, and if the mine is not located on a railroad, as is usually the 
case in new or small developments, the importation of add cannot be 
even considered. 

Much has been said about the danger or inconvenience of handling 
hydrogen sulfide on account of the poisonous nature of the gas. The 
author has had fairly wide experience in the use of hydrogen sulfide and 
cannot agree with this opinion. He was for some time foreman and also 
research metallurgist in one of the largest chlorination mills in the west, 
where about 500 tons of gold solution were precipitated daily with 
hydrogen sulfide, but he does not recall an acddent or even a serious 
inconvenience resulting from the use of hydrogen sulfide in that plant, 
notwithstanding that the generator was located in the barrel room and 
the precipitation tanks were in the same room with the pressure tanks 
and filter presses, where the solutions were filtered. In a small plant 
recently erected for demonstration purposes in connection with the 
Greenawalt process, four sulfur-dioxide reducers, one hydrogen-sulfide 
generator, the hydrogen-sulfide precipitator, the CuS reducer, electrolytic 
tai^, pumps, motor-generator set, etc., were located in a smal l building 
of but one room, and although the work was practically under continuous 
operation for three months, there was no occasion to call in the first-aid 
department, and no complaint was made of escaping hydrogen-sulfide gas, 
although^ the plant was located in a small dty. The fact is that the 
gas is easily controlled, and any one familiar with the bandlmg of corrosive 
gases should not have the slightest difficulty in designii^ a plant as safe 
and as free from objectionable features as any other chemical plant, and 
certainly as safe, comfortable, and sanitary as a smelter or a cyanide plant. 
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Direct Electrolysis of Black-copper Anodes of High 
Nickel-lead Content 

Bt M. H. Mbrriss, Westburt, Long Island, N. Y. 

(New York Meeting, February, 1024) 

Some years ago, at the plant of the Baltimore Copper Smelting & 
Rolling Co., the receipt of large quantities of copper blister running high 
in lead, nickel, and arsenic resulted in the formation of a great amount of 
very foul slag, in the anode furnaces. A typical analysis of this dag was : 

Gold, oz. per ton 0.09 Arsenic, per cent 0.60 

Silver, oz. per ton 13.20 Antimony, per cent. ... 0.60 

Copper, per cent 19.50 Silica, per cent 28.30 

Lead, percent 11.90 FeO, per cent 19.20 

Nickel, per cent 4.60 CaO, per cent 1.60 

The problem was to get out the copper in marketable form, to save 
the gold, silver, and particularly the nickel, and to get rid of as much as 
possible of the lead, arsenic, and other elements that were valueless 
to the Baltimore plant. 

In a copper refinery that does not take custom material for matte 
smelting, the usual method is to smelt the anode slag with coke in a reduc- 
ing furnace, the black copper thus formed being sent back to the anode 
furnaces; this was the custom at Baltimore. An average anode dag wiU 
contain, perhaps, 40 per cent, copper and such small quantities of lead, 
nickd, etc., that smelting will get rid of most of these impurities in the 
black-copper furnace dag. To treat such an impure slag in this way, 
however, would result in a large nickel loss, and would send back to the 
anode furnaces all the lead and nickd not so lost, where it would be 
slagged off again and returned to the black-copper furnace as a slag 
still more concentrated in impurities. The result would probably be a 
constantly increasing amount of anode dag containing a likewise con- 
stantly increasing percentage of impurities. To avoid such a disastrous 
closed circuit some other process had to be devised. 

A multiple-tank room, built for impure copper as an adjunct to 
the main series dectrolytic refinery, was available, so the following 
standard process was suggested: 
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1. Smdt, removing the earthy constituents and as much lead, arsenic, 
iron, etc., as possible. 

2. Cast the product, which is very impure and hi^ in nicikd, into 
anode fonu. 

3. Electrolyze direct by the multiple system, producing cathodes of 
marketable purity. Gold, silver, antimony, lead, and some arsenic should 
slime off, while the rest of the arsenic, together with the nickd, ^ould go 
into electrolyte, which the Baltimore plant was equipped to treat, pro- 
ducing therefrom pure metallic nickel. 

It was decided to ascertain experimentally whether such a standard 
process was metallm^cally and economically sound. 

ExPEBIMBXTAD SmELTIKO 

Several test runs were made in a small, round, wateivjacketed cupola, 
both black-copper and matte smelting being tried. Matte smdting, 
however, was given up because eveo with a matte as low in grade as 45 
per cent, copper, considerable very foul metallic copper, called “bottom, ’’ 
was formed. In addition, it would have been necessary to buy sulfur 
for malriDg the matte, mal^g the cost prohibitive. By running the per- 
centage of coke in black-copper smelting up to about 20 per cent., and 
keeping the slag-fall as low as possible, over 80 per cent, of the nickel 
coidd be retained in the black copper formed, whereas almost 75 per cent, 
of the lead could be driven off as fume or gotten into the slag; also from 
35 to 45 per cent, of the arsenic was eliminated. It was particularly 
desirable to eUminate lead and arsenic, so that, from a strictly copper- 
refining point of view, these results were quite satisfactory and the 
test runs were concluded pending determination of the feasibility of 
direct electrolysis. 

CxPEBOCENTAn EbBOTBOLTSIB 

A few hundred pounds of the very impure copper produced in test 
runs were oast into the shape of Wablwill gold anodes, which were 
subjected to eipetimental direct dectrolysiB with the following objects 
in view: 

1. To find what quality of cathode copper would be obtained. 

2. To ascertain the aruii^siB of the slimes obtained. 

3. It was hoped that all the nickel would go into the dectrolyte and 
most of the arsenic into the dimes. It was thought, however, that 
considerable nickel would be present in some insoluble form, such as an 
arsenide or antimonide, and hence would wlinta with the othm metals, in 
which case direct dectrolysis would be of no use as far as nickel recovery 
was concerned. 

4. The removal of electrolyte from the series-tank room for purificsr 
tion had alwa 3 pn been effected through the multiple-tank house circulation, 
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into which series electrolyte was daily drawn off. Fouler multiple 
electrolyte was then drawn off to insoluble anode tanks, which removed 
the copper preparatory to delivering it to the nickel plant for nickel recov- 
ery. If impure anodes running high in nickel could be electrolyzed 
direct in the multiple-tank room circulation, it was thought that the 
multiple electrolyte could be largely enriched in nickel and depleted in 
copper before going to the depositing out tanks referred to, thus effecting 
a saving in power there and increasing the nickel concentration of the 
solution sent to the nickel plant, thereby cutting costs in that department. 

The experimental work was carried on in small tanks, of the size 
ordinarily used in gold electrolysis by the Wohlwill system. The anodes 
were by 4 by % in. The current density was 18 amp. per sq. ft. 
The composition of anodes actually used was: 

Gfold, oz. per ton 0 35 Nickel, per cent 11.0 

Silver, oz. per ton ... 51 70 Arsenic, per cent 1.5 

Copper, per cent 70.0 Antimonj^ per cent _ 1.8 

Lead, per cent 10.7 

The electrolyte was made up of regular tank-house electrolyte and was 
kept at an average temperature of 125® F. Table 1 shows an average 
analysis and also the maximum and Tninimum percentage that any con- 
stituent reached (of course, all were not high or low at the same time; 
for example, nickel was lowest at the start and highest at the finish; the 
table shows the extent of variation). 


Table 1. — AnalyBes of Electrolyte in Experimental Work 



Atbbago 

Ei<;bc3solttii 

High 

EuaCTBOLTTB 

Low * 

Elbctbolttb 

Specific gravity 

1.278 

1.305 

1.250 

Free acid, per cent 

12 18 

12.65 

11.95 

Copper, per cent 

2 86 

3.33 

2.56 

Nickel, per cent 

2 77 

3.34 

1.71 

Arsenic, per cent 

Chlorine, per cent 

0.70 

0.80 

0.60 

0.0053 

0.0104 

0.0014 


The anodes dissolved very uniformly. A large quantity of slimes was 
formed, which adhered to the anodes and had to be scraped off at intervals. 
The slimes naturally caused polarization, the voltage at times building 
up to over 2 volts. Immediately after scraping off the slimes the voltage 
was about 0.3; the average for the entire run was 1.07 volts. At times, 
the voltage would stay low for a long period and at others it would reach 
the maximxim in less than 15 min. Usually the voltage would remain 
low for about 3^ hr. and then build up gradually to about 1.7 volts, 
where it would remain until the anodes were scraped. 
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The run lasted 191M hr. The slimes rrere removed when the run was 
half finished as well as at the end. The electrolyte was rapidly depleted 
in copper and acid, so that bluestone and acid were added to keep it 
fairly constant. The quantities added were : 


Copper added, per cent, of weight of anode ... 13 0 

Acid added (total), per cent, of weight of anode 26.0 

Acid (free), per cent, of weight of anode 6 0 

Salt, per cent, of weight of anode 0 05 


A total of 21,800 gm. of anodes was electrolyzed, producing 18,225 
gm. of cathodes and 8530 gm. of slimes, with a consumption of 17,349 
amp.-hr. Ampere efficiency was accordingly about 89 per cent., and but 
52 lb. of copper were deposited per kilowatt-day. The distance from 
anode to cathode was 1 in. It was expected that the average voltage 
would be considerably lower in a large tank than under the experimental 
conditions outlined, and that therefore the power consumed would be 
greatly lessened. The analysis of the dime was as follows: 


Gold, oz. per ton 

2.40 

Arsenic, per cent 

. 4.08 

Silver, 02. per ton 

132.60 

Antimony, per cent 

. 5.49 

Copper j per cent,, 

. 21.79 

Free acid 

. .. 2.98 

Lead, per cent 

. 26.12 

H»0 

... 3.46 

Nickel, per cent 

1.97 




It was recognized that the disposal of slime of such a complex analysis 
would be troublesome for a copper refinery, but it was intended to leach 
out the copper as far as possible and then ship the residue to the lead 
refinery offering the best terms. 

The cathodes produced were much purer than had been expected from 
such low-^ade anodes, running over 99.85 per cent, copper with arsenic 
and antimony both below 0.0050 per cent., and lead, nickel and iron less 
than 0.04 per cent. Approximately 88 per cent, of the copper in the 
anodes went into the dectrolyte to be deposited as cathode copper, the 
remaining 12 per cent, went into the slimes. Of the nickel, 93 per cent, 
went into the electrolyte, and only 7 per cent, iuto the dimes. .M of the 
antimony was slimed. The analyses given would iudicate that all of the 
arsenic also was dimed, but this is at variance with usual refinery prac- 
tice and was not cheeked by the later tank-room work on a large scale. 
Of the cathode copp» 74 per cent, was obtained from the anode, while 
26 per cent, was deposited out of the dectrolyte. 

The experiment diowed that the bulk of the nickel went directly into 
the deotrolyte and away from the copper, silver, arsenic, lead, and other 
waste metals, instead of going into an Insoluble slime with ttem as was 
feared, so it was decided to make several tons of fuh-sized anodes of simi- 
lar, or even worse, analyds and hang these in the r^ulax commercial 
multiple tanks. 



M. H. UEBBISS 


585 


CoMMEBCIAIi WOHK 

The cake molds upon the small casting wheel, into which black copper 
had been tapped, were replaced by standard size anode molds, roughly 
36 by 36 in. No particular difficulty was encountered in casting the black 
copper in this form except the breaking of the lugs, the remedy for which 
is discussed later. Nor was there anything special about the smelting 
operation, as it consisted merely of the ordinary black-copper furnace 
procedure, except that slightly higher coke and lower slag fall were used 
to save nickel, and a slightly lower column to burn off lead. Purity of 
cast anodes was regulated by mixing ordinary casting-house slag in vary- 
ing quantities with the very impure slag. Often the anodes would have a 
little white metal upon them; this was hammered off with chisels usually 
at small expense. It was hard to keep the anodes even in thickness, 
protuberances often being scattered over the surface, even though the 
mold wash had been carefully dried previous to casting. 

In the original electrolytic work, only a few tanks of anodes were 
used; but as soon as it was foimd that no serious difficulties would be 
encountered, the number was gradually increased; the data here given 
refers to the practice adopted after perhaps 50 per cent, of the tanks were 
so filled. The tanks were 3 ft. 6 in. by 3 ft. 6 in. by 11 ft. 5 in. and at 
first 22 and 24 anodes were used to a tank; later, however, 26 anodes to a 
tank were used. 

Anodes were carefully spaced with a light — that is, before solution was 
run into the tank an inspection light wm lowered between the plates to 
make sure that they were hung in such a way as to give maximum ampere 
efficiency. Even xmder these conditions, the ampere efficiency was very 
low at the start because of the large lumps scattered over the surface of 
the anodes; in addition, many of the anodes were waaped and out of plumb. 

The main cause of low ampere efficiency, however, was the very bad 
contact between the anode lug and the triangular bar. At first, a few 
ampere efficiencies were below 60 per cent, and a very few were as hi^ 
as 80 per cent., but as the difficulties were gradually diminated the 
efficiency increased until it averaged about84per cent,, withfew individual 
sections under 80 per cent, and some sections 90 or 91 per cent. As 
6250 amp. were passed through each tank, the cmrrent density was 
approximately 12.8 amp. per sq. ft. Anodes were cast about 1% or 
1% in. thick, so that there was approximately from center to center 

of anodes, and IJfg in. from the face of the anode to the face of 
the cathode. 

Electrolyte temperature was held between 120“ and 135“ F.; it would 
have been kept hotter if plant conditions had permitted. Circulation 
was at the rate of about 3 or 4 gal. per tank per minute. Incoming liquor 
was run in at the bottom of the tank and allowed to run off by gravity 
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from the top of the solution level in the tank at the other end, thus 
running counter to the natural gravity settling of the slimes. Electro- 
lyte analyses varied, as shown in Table 2, which gives average analysis 
and also the maximum and minimum percentages that any 
constituent reached. 

Table 2 . — Analyses of Electrolyte in Commercial Work 

AvBBAGB High Low 

EiaCTROUTTB EmSCTROLYTB EmCTROLTTB 


specific gravity 1.270 1.286 1.266 

Free acid, per cent 11 07 11.83 10.32 

Copper, per cent 3.15 3 68 2.63 

Nickel, per cent 2.13 2.40 1.87 

Arsenic, per cent 1.14 1.28 1.00 

Chlorine, per cent 0 00363 0.00457 0.00269 


The rapid depletion of copper in the electrolyte was avoided by the 
constant addition of foul series electrolyte, rich in copper, and of impure 
bluestone and a copper-nickel sulfate purchased from another plant. 
Two drawings of cathodes were made from each batch of anodes, cathodes 
being pulled about every fourteen days whereas the anodes lasted twenty- 
eight days. 

The slimes were very voluminous, so it was thought necessary to clean 
them out whenever cathodes were pulled instead of waiting for anode 
pullings, as in the case of the regular multiple anodes, because after 
fourteen days they had almost reached the bottom of the electrodes. On 
two or three occasions, however, it was impossible to clean the slimes when 
the cathodes were pulled, be'cause of labor Portage or other plant oper- 
ating condition, and to our surprise we formd that although the slimes, 
after twenty-eight days, were perhaps 6 in. above the bottom of the 
cathode, the ampere efficiency was not appreciably lowered. Apparently 
the slimes were so foul and earthy as to be practically non-conduotive 
and an insulator instead of a conductor, as in the case of normal slimes. 
Furthermore, th^e sQimes did not seem to adhere to or be baked upon the 
cathodes; they couM be eadly washed off the smooth copper surface. 
As a result, thereafter, dimes were often allowed to go twenty-eight 
days without deaning. 

Actual daily ^ue and salt consumption were about 1200 gm. and 
7000 gm., respectively, but it must be remembered that about 1200 cu. 
ft. per day of series dectrolyte, carrying about 0.0006 per cent, chlorine, 
were added daily to but 20,000 cu. ft. of this multiple electrolyte, while 
1200 cu. ft. of foul multiple electrolyte were run off daily for nickel treat- 
ment, so that there was a great wastage of chlorine and organic glue 
constituents over l^t wbidi was actually consumed in affecting the 
physical properties of the cathodes. 
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The cathodes were remarkably smooth and tough, considering the 
impurity of the anode. This was probably the result of the low current 
density used. Typical analyses of cathodes from these tanks were 
as follows: 


Silver, oz. per ton 1.0 1 11 0.95 

Arsenic, per cent 0.0022 0.0032 Trace 

Antimony, per cent 0.0027 0.0032 0.0010 

Nickel, per cent 0.0030 0.0040 0.0030 

Lead, per cent None None None 

Iron, per cent 0.045 0 063 0.058 


The high iron content would prohibit the use of these cathodes 
for ordinary electrolytic shapes, but, at Baltimore, there was such a large 
proportion of very pure cathodes from the series and regular multiple 
systems that these few special cathodes were used in small proportions of 
total furnace charges without any difficulty. For this reason, no particu- 
lar effort was made to increase the purity of the cathode product, but no 
doubt much better work in this respect could have been done had it been 
worth the extra cost necessary. 

The voltage per tank varied widely. Like ampere efficiency it was 
very bad at the start, but gradually improved until a normal standard of 
perhaps 0.55 volt per tank was reached in which case about 95 lb. of 
cathode copper was deposited per kilowatt-day of power used. 

The particular difficulties encoimtered were as follows: 

Polarization . — ^Voltage on these special tanks was, of course, much 
higher than on the regular tanks, and unlike them, was not at all constant. 
If a tank were let alone it would start off with about 0.4 volt and build 
up slowly, but quite regularly, to perhaps 1.8 volts, as measured across 
the ends of the tank. This was caused by the accumulation upon the 
anode of insulating slimes too adherent to fall to the bottom of the tank, 
as in ordinary electrolytic refining. This difficulty was overcome by 
tapping the lugs of the anodes lightly with a small hammer. The inspec- 
tion gang did this in addition to its regular ammeter work, so that the 
anodes were tapped about twice in each 8-hr. shift. The tapping usually 
reduced the voltage very quickly to 0.45 or 0.5 volt. 

High Contact Resistance . — Contact between the anode lug and the 
triangular bar was very poor because of the low conductivity of the impure 
anode. In some cases the conductivity was so poor that the edge of the 
triangular bar was melted. The average contact voltage was well over 
0.26, which is prohibitive for economical power costs, as well as rendering 
impossible any equality of distribution of current among the 26 anodes. 
This difficulty was remedied by placing in the anode mold flush with the 
underside of the long lug of the anode, just before the copper was poured, 
a strip of copper scrap about 7 in. long, 1 in. wide, and 34 hi. thick, as 
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shown in Fig, 1. Copper was then poured in, and the two copper pieces 
became an integral part of the anode at the point where the anode would 
rest on the triangular bar in the tank room. As a result the contact 
voltage was reduced to about 0.04 and inspectors were able to keep the 
contacts shined up and equalized. 


jrJhs/Je ,Wo 



Breaking of Artode Lugs . — Many of the anodes were so foul that they did 
not look like copper, when struck with a hammer they would ring like a 
bell, and when broken would have an almost stony fracture. The lugs 
of such anodes frequently cracked in casting, and these lugs often were 
broken when the anodes were taken out of the molds or while handling 
them into the tanks. The tapping of the anodes also often broke 
an anode at the lug, letting the plate fall into the tank. As the anodes 
became old, many of them, no doubt as a result of the invisible cracks 
and checks formed during cooling in the molds, revealed weakness near 
the solution line at the lug and dropped into the electrolyte. This 
difficulty was partly overcome by inserting the two pieces of scrap into 
the anode, and was further obviated by placing additional longer pieces 
of copper scrap in the shoulder of the anode. It also was found advan- 
tageous to tilt the anode mold upon the ring in such a way that the anode 
was in. or more thicker at the top than at the bottom, assuring a thick 
lug and shoulder. 

The actual anal3rBis of the anodes as charged varied very widely. 
The maximuTn and Tninimum of each constituent was: 


Masobcuv Minimuu IVIaxiuusc Minimum 


Copper, pea: cent 

.. 90.3 

49.7 

Antimony, per cent. . 

1.8 

0.8 

Lead, per cent 

. 18.6 

3.8 

Silver, oz. per ton 

Gkild, oz. per ton 

1270.0 


Nickd, per cent 

.. 21.2 

3.4 

11.2 

0.18 

Arsenic, per cent 

2.5 

1,2 





A better idea of the actual contents of the anodes commercially treated is 
given by the average anode analysis; for the first month of running this 
vras as follows: 


Gold, oz. per ton 

.... 0.4 

Nickd, percent 

.... 12.4 

SUver, oz. per ton 

.... 29.6 

Arsenic, per cent 

.... 2.50 

Copper, per cent 

.... 66.2 

Antimony, per cent 

.... 1.6 

Lead, per cent 

.... 10.4 
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For the succeeding three months of operation, the anodes ran: 


Gold, oz. per ton 

. 0.38 

Nickel, per cent 

..99 

Silver, oz. per ton . . . 

... 26 7 

Arsenic, per cent 

... 2.2 

Copper, per cent 

... 67.7 

Antimony, per cent. . . 

.... 1.3 

Lead, per cent 

. .. 11 1 



the next three months the analysis was as follows : 


Gold, oz. per ton. . . . 

0,3 

Nickel, per cent 

. . 7.9 

Silver, oz. per ton . . . 

. . 22.2 

Arsenic, per cent 

..15 

Copper, per cent. . . . 

. . .. 76.1 

Antimony, per cent. . . 

. . 1.0 

Lead, per cent 

. . . 7.3 




Grouping the first 1,250,000 lb. of anodes treated commercially, as to 
nickel content, the following rough divisions were obtained: 


Class Anodes Pounds Chaegebd 

Nickel, over 14 per cent . . . 521,000 

Nickel, 10 to 14 per cent 305,000 

Nickel, 6 to 10 per cent 90,000 

Nickel, under 6 per cent. ... 362,000 


About 11 per cent average 1,268,000 


The percentage of scrap was very high at first, largely because of the 
number of anodes that dropped into the tanks by the breaking of the lugs. 
This percentage, for the first month, was 27.8; for the next three months, 
19.4 per cent., and for the following three months, just about 20 per cent. 

The quantitative metallurgical results were as follows: Of the copper 
in the anodes 9 per cent, went into slimes together with all the antimony, 
lead, silver, and gold, 46J^ per cent, of the arsenic, and 5.6 per cent, of 
the nickel. The balance of the nickel and arsenic went directly into the 
electrolyte. About 20 per cent, of the total copper put into the form of 
cathodes was deposited from the electrolyte, the other 80 per cent, was 
from the anodes. 

Slimes 

The dimes formed weighed, when dried, about 18 per cent, of the 
weight of anodes hung in the tank. Because of the irregularity in purity 
of anodes, the analyses of the slimes were subject to extreme variation, 
the gold running from 1.24 to 3.43 oz. per ton, the silver from 105 to 265 
oz., the copper from 24 to 28 per cent., the lead from 23 to 29 per cent., 
the nickel from 1.43 to 1.7 per cent., the arsaiic firom 2.38 to 4.65 per cent., 
and the antimony from 3.66 to 6.93 per cent. The slimes produced 
in the first four months of ofieration were of the following average analysis : 

Gold, oz. pear ton 2.16 Nickd, per cent 1.53 

^ver, oz. per ton 138.0 Arsenic, per cent 3.3 

Copper, per eeat 26.0 Antimony, per cent 4 5 

Lead, per cent 25.5 
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Slimes from the next three months analyzed: 

Gold, oz. per ton 1.74 Nickel, per cent 19 

Silver, oz. per ton 126.6 Arsenic, per cent 3 1 

Copper, per cent 28.2 Antimony, per cent. . . . 3 4 

Lead, per cent 22.6 

Our work on the treatment of this material was stopped when a buyer 
offered to take it without any further work upon it, paying for all silver, 
copper, and gold at a moderate treatment cost, but with no credit for 
lead; or expressing it in another way, paying for all gold, 95 per cent, of 
the silver, 95 per cent, of the copper, and about 68 per cent, of the lead at 
the same moderate treatment cost. This relieved us of the problem of 
slimes disposal, which threatened to be serious on account of the 
extremely low silver content of the slimes. The experimental work upon 
this problem had just started, but as an indication of what might be done 
it can be stated that two batches were roasted at low heat on a hearth 
and leached with spent electrolyte, such as was ordinarily used in the regu- 
lar slimes treatment portion of the refinery. In one case 95 per cent, of 
the copper was extracted, and in the second case 83.6 per cent. In both 
cases, the weight of residue was just about half that of the original 
unleached slimes. The actual analysis of the leached slimes so produced 
was: 


Copper, per cent 

1.85 

Arsenic, per cent 

.. 1.30 

Lead, per cent 

52 72 

Antimony, per cent 

.. 1.86 

Nickel, per cent 

0.22 

Water soluble copper, per cent . . . . 

.. 0 47 


indicating that a product running very high in lead, hence readily saleable 
to lead smelters under any market conditions, could be easily produced. 


Additional Developments 

A further development was the fact that the process outlined proved 
applicable to the treatment of speiss, which is always a bugbear in copper 
or lead work. An allied plant had large quantities of speiss analyzing 
as follows: 

Gold, oz. per ton 1.90 

Silver, oz. per ton 16.40 

Copper, per cent 6.44 

Lead, per cent 0.94 

Nickel, per cent 38.67 

Arsenic, per cent 22.39 

Another grade of speiss contained the foflowing: 


Gold, oz. per ton 

.... 0.60 

Antimony, per cent 

... 7.28 

Silver, oz. per ton 

.... 45.60 

Iron, per cent 

... 0.65 

Copper, per cent 

.... 24.27 

Lime 

. . . Trace 

Lead, per cent 

.... 24.40 

Magneshim oxide 

. . . None 

Nickel, per cent.* 

.... 16.02 

Sulfur, per cent 

... 3.89 

Arsenic, per cent 

.... 18.07 


Antimony, per cent 19.36 

Iron, per cent 0.83 

Lim e Trace 

Magnesium oxide None 

Sulfur 6.31 
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By adding this speiss to the black-copper charge, most of its constituents 
became a part of the multiple anodes cast therefrom, and experimentation 
revealed that the same separation of nickel from arsenic took place in the 
case of anodes from the speiss charge as from the regular impure anode 
slag charge without any speiss, so that the problem of getting the nickel in 
speiss away from the other components, especially arsenic, and freeing 
the silver and gold tied up, was readily solved. As in the case of the main 
problem, these facts were first determined experimentally in Wohlwill 
tanks, where it was found that of the arsenic in the anode about 41 per 
cent, went into the slimes, carr 3 dng 7 per cent, of nickel with it; the 
remaining 93 per cent, of nickel and 59 per cent, of arsenic went into the 
electrolyte, where arsenic was readily separated by the ordinary nickel 
purification methods. 

Costs 

Direct electrolysis as above was more expensive than ordinary 
multiple-tank room refining in the following items: 

Cleaning white metal from the face of cast anodes. 

In general, wider spacing because of the lumps on the cast surface of 
the anodes. These apparently cannot be controlled, as in the case of 
ordinary anode casting. This wider spacing results in high power cost in 
the tank room. 

High cost for the handling of the voluminous slimes and treatment 
of same. 

Power costs all the way through would be much higher because of 
increased contact resistance and increased resistance in the lugs of the 
anodes, but especially because of polarization. Under these circum- 
stances, much of this power cost was not chargeable to these impure 
anodes, but in any installation treating such material alone a very high 
power cost would have to be considered. 

Conclusions 

Anode slag running only 20 per cent, copper, and containing over 10 
per cent, lead and about 5 per cent, nickel was reduced in a black-copper 
furnace, and the very impure resulting material cast in anode molds. 

These anodes, analyzing about 70 per cent, copper, 10 per cent, lead, 
10 per cent, nickel, 2 per cent, arsenic, and 1}4 cent, antimony, 
were subjected to direct electrolysis by the mxaltiple system at a current 
density of 12.8 amp- per square foot. 

Fairly pure cathodes were obtained, the only abnormally high 
impurity being iron, which ran about 0.05 per cent. 

About 94 per cent, of the nickel in the anodes, the equivalent of 75 
per cent, of that in the original slag, was dissolved in the multiple electro- 
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lyte, from which it was readily recovered as nickel sulfate, which was 
later converted into pure metallic nickel. 

About three quarters of the original lead was driven off in fume or 
slag during the smelting operation, the balance going into the slimes 
which, when leached, would contain nearly 50 per cent, of lead. 

Operating difficulties, such as breaking of anode lugs', high contact 
resistances, and polarization because of the volume of slimes, were over- 
come, and several million pounds of anodes, as impure as the foregoing, 
of ordinary commercial size and shape, were successfully disposed of on a 
large scale at the plant of the Baltimore Copper Smelting & Rolling Co. 

Unleached slimes, containing the bulk of impurities deleterious to a 
copper refinery, were sold to a plant equipped to recover the lead. 

Costs, especially power costs, for refining such impure anodes, were 
considerably higher than for ordinary refining, but they were justified by 
the excellent metallurgical separations obtained. 
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DISCUSSION 

C. S. WiTHERELL, New York, N. Y. (written discussion). — This 
paper is particularly valuable in that it gives the results of operations 
carried out under conditions differing from standard practice. In the 
electrolytic refining of copper, as in other kinds of metal refining, it is 
occasionaliy necessary to treat extraordinary foul or complex material, 
in which cases it is valuable to know what other metallurgists have 
accomplished under similar conditions. 

As tapping the dimes-covered anodes brou^t the tank-voltage down 
to 0.45 to 0.60 volt, the counter electromotive force was probably not 
more than 0.1 or 0.2 volt; hence the so-called polarization was, mainly, 
caused by the accumulation on the anodes of a resistant covering of slimes' 
and the built-up excess voltage was due to overcoming ohmic resistance. 

This excessive ohmic resistance at the surface of the anodes may result 
from two causes: First, the slimes may be of colloidal nature and 
thereby constitute a nearly impervious fihn over the anode surface; 
second, the adhering slimes may act as a porous diaphragm and thereby 
imprison an anolyte film in contact with the anode surface, which 



DISCUSSION 


593 


quickly builds up to the saturation point. After reaching saturation, 
naturally any sulfates formed by anodic corrosion must remain in 
the solid state and thus create a resistant coating. The latter phenom- 
enon can be made much less effective by maintaining the electrolytic 
hot and dilute. 

The author was cognizant of the benefit of a high electrolyte tem- 
perature, as shown by the paragraph at the bottom of p. 585, I am 
surprised that the C^R effect did not heat the electrol:yte above 135° F. 

Electrolyte of a specific gravity of 1.255 to 1.285 is too concentrated 
for the conditions set forth in the paper. An electrolyte of a specific 
gravity of 1.20 to 1.22 and a temperature about 140° F. would greatly 
lessen the rate of voltage increase- This lower specific gravity would 
still permit of carrying suflicient copper and free acid (say 3 per cent. 
Cu and 11 per cent. H2SO4) in the electrolyte and allow some leeway for 
accumulating nickel and other soluble ingredients, but the electrolyte 
would have to be replenished at about twice the rate. 

C. P. Linville, Elizabeth, N. J. — conducted some experiments in 
a semicommercial way along the same line as the author mentions. 
Our first intention was to use high-nickel low-copper anodes for the 
purpose of taking nickel solutions, the idea being to increase the nickel 
at the same time that we reduced the copper in the solution. With the 
same class of material exactly, using a high-nickel liquor that we had, 
our voltage usually ran about 2, and we plated copper from the solution 
without dissolving from the anode anything to speak of. Maintaining 
a temperature of 150° with a dilute electrolyte, we were able to conduct 
this operation satisfactorily with about 0.2 volt. Our trouble was that 
after several days’ operation the slime was built up so high as to make 
a high resistance. 

M. H. Merbiss. — ^When the multiple-tank room was designed, 
no provision was made for running the temperature any higher than 
about 125° or 135°, so that I can furnish no data bearing on the tempera- 
ture effect mentioned by Mr. Witherell. 

With regard to the dilution of the electrolyte: The next step in the 
nickel recovery process was to decopperize the foul electrolyte from the 
multiple-tank room handling these anodes and then take it to the nickel 
plant for treatment. That decopperization was carried on at, say, 
24 or 26 lb. per kilpwatt-day, so the question of the relative economy of 
decopperizing more foul solution in order to keep the tank-room elec- 
trolyte low in specific gravity, veraus handling it the way we did, is an 
economic problem that I cannot answer. 

C. S. WiTHBREiiL. — ^Did the temperature increase when the ohmic 
resistance increased? 

TOXi. XXZw— es 



594 


DIEECT ELECTROLYSIS OP BLACK-COPPER ANODES 


M. H. Merriss. — ^The temperature did not go over 135®. The 
temperature on the top of the tanks was much higher, as shown by the 
melting of the triangular bars, but not the temperature of the electro- 
Ij'te, It is to be remembered that this was a comparatively small 
electrolytic tank room, with a great deal of solution coming into it 
every day and a great deal going out, which fact had a tendency to 
hold down the temperature. To only about 20,000 cu. ft. of electrolsrte 
1200 cu. ft. were being added each day, and 1200 cu. ft. withdrawn. 

G. E. Dalbey, Middletown, Conn. — ^What method was used to 
remove the copper from this foul solution before taking the nickel 
solution away to recover the nickel therefrom? 

M. H. Merriss. — We electrolyzed it with insoluble (lead) anodes 
in the ordinarj' manner. 
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Ammonia Leaching of Calumet and Hecla Tailings 

C. H. Benedict and BL C. Kennt, Lake Linden, ' Mich. 

(New York Meeting, February, 1924) 

A 2000-ton ammonia leaching plant has been operated by the Calu- 
met & Hecla Mining Co., at Lake Linden, Mich., continuously since 
February, 1917, except from April, 1921, to April, 1922, during the period 
of depression following the European war, A (iescription of this plant 
has been published elsewhere.^ 

The present article describes the operation of the plant since 1917, 
together with the changes in the process that have been foimd to be 
advisable. In spite of the fact that this plant and that of the Kennecott 
Copper Co. are the only ones operating on a large scale, much experi- 
mental work is being done on ammonia leaching, as applied to oxidized 
ores, and it is to aid these and other investigators that this detailed 
account is given. For the benefit of those unfamiliar with the original 
article, the following short abstract is given, as an introduction to a 
more detailed account of the process and the reasons for present practice. 

R^suMfi OF Pbevious Article 

Leaching on a commercial scale began in July, 1916, and by February, 
1917, the plant of 2000 tons capacity was in commission. The ore treated 
is a conglomerate containing native copper and no sulfides or oxidized 
copper minerals. Before leaching, the ore is crushed by steam stamps 
and Hardinge pebble mills to pass a 28-mesh screen. Free copper is 
removed, by gravity concentration, on Woodbury jigs and Wilfley tables, 
and colloidal slime for oil flotation is removed by quadruplex Dorr 
classifiers. The leaching sand remaining contains about 2 per cent. + 
28-mesh material and 15 per cent. — 200-mesh and carries from 8 to 
14 lb. of copper per ton, (iepending on the grade of ore worked. The 
solvent employed in leaching is a water solution of ammonium carbonate, 


1 C. H. Benedict; Ammonia Leaching of Calumet Tailings. Eng. dt Min. Jrd. 
(1917) 104^ 43. 
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or rather a solution of copper ammonium carbonate; the chemistry of the 
leaching process is as follow's: 

Cupric ammonium carbonate + excess ammonium carbonate + 
native copper —* cuprous ammonium carbonate. 

As native copper is the only valuable mineral present in the ore, 
advantage is taken of the tvro valences of copper in water solution to 
effect its oxidation to a soluble form; native copper is nearly insoluble in 
ammonium carbonate in the absence of an oxidizing agent. A portion 
of the cuprous solution is regenerated to the cupric condition for use as a 
new leaching solution by oxidizing it with air, viz., 

Cuprous ammonium carbonate + oxygen (air) — » cupric a mm onium 

carbonate. 

Copper recovery from the remainder of the cuprous solution is 
effected by distillation whereby the ammonium carbonate is volatilized 
and recovered and the copper precipitated as copper oxide, which is 
shipped to the smelter for refining. Theoretically, no reagents are lost 
and only the oxygen of the air is consumed in the process. Actually, 
slops, leaks, and inefficiencies accoimt for a small amount of ammonium 
carbonate and, in the interests of capacity and economy, a certain amount 
is sacrificed in the sand tailing and waste solution from distillation. 

The leaching is done in steel tanks 64 ft. in diameter and 12 ft. high, 
of which there were two rows of four each. A crane travels over each 
row of tanka for handling removable tank covers, sand distributers, 
and other appiutenances. The tanks are covered when containing 
ammonia solution, to prevent losses of ammonia by volatilization and 
alo) to keep downtheobjectionableodor. These axe trussed covers of steel 
plate supported on the tank wall. A seal between cover and tank is 
made by a channel iron on the cover projecting into an annular launder on 
the tank filled with water; this prevents the escape of ammonia around 
the edges of the cover. The tanks are filled with sand by means of a 
portable distributer of the Butters & Mein type and are provided with 
side and bottom discharge doors. The sand in the tank is supported on 
a canvas filter stretched over cocoa matting resting on wooden grids. 
Downward percolation only is used in leaching. 

Eighteen steel leaching-solution tanks, each 22 ft. in diameter by 11 
ft. high, provided storage for all plant solutions; for storing concentrated 
ammonium-carbonate solutions, smaller steel tanks were used. 

The leaching <qrcle, in 1917, was as follows: A tank was fiGIed with 
sand from a launder to about 10 ft. 6 in. effective depth (1000 tons dry 
sand), the surface water was drained off, the surface leveled, and a layer 
of surface slime broken up. Cupric ammonium carbonate solution was 
flowed over the surface of the sand and allowed to drain down through it, 
displacing the contained water at as rapid a rate as possible. When 
ammonia solution appeared in the effluent, the waste valve was closed 
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and the percolation rate out down to a predetermined figure. The effluent 
solution then was directed to the desired effluent main. When the correct 
volume of leaching solution had been allowed to flow on the sand, it was 
followed by a second solution lower in copper than the first, by ammonia 
wash, and then by water. The first effluent solution was low in copper 
and ammonia and, after oxidation, became a part of a new second leaching 
solution. Following this, the effluent solution was richer in copper and 
was sent to distillation, while from the remaining effluent, the leaching 
solutions and ammonia wash were biult up. 

In the distillation process, a special design of ammonia still, termed 
a roughing still, is employed. This consists of a cylindrical cast-iron 
vessel containing a series of horizontal shelves slightly concave, each 
shelf being provided with a scraping arm carried on a central shaft. Each 
shelf has an outlet and these outlets are staggered so that solution passing 
down through the still flows across each shelf in turn. Steam is admitted 
at the bottom of the stiU and flows counter-current to the solution through 
the same shelf openings. The heat of the steam raises the solution to 
the boiling point and the current of steam carries off through the outlet 
opening in the top of the still the ammonia and carbon dioxide volatilized 
by the boiling. The ammonia and carbon dioxide are then cooled and 
absorbed in water, to be used later in the leaching process. Copper 
oxide precipitates on the shelves of the roughing still and is scraped off 
by the revolving arms, passes down through the solution openings along 
with the solution, and is caught in a trap at the base of the stiU. These 
roughing stills are very efficient for removing copper oxide, but the waste 
solution from them is not barren and is nm to a second unit, called a 
finishing still, which is an efficient ammonia still. Here the removal of 
copper, ammonia and carbon dioxide is complete. 

In the origiaal article, it was stated that the capacity of the plant 
was to be doubled; this extension was completed in the early part of 
1918. The plant now contams sixteen 1000-ton sand leaching tanks 
in two rows of eight each and twenty-five solution storage tanks. The 
number of units in the distillation plant was increased from, two to four. 
There is now ample capacity for handling all material of leaching grade 
produced by the stamp mflls and reclamation plant. Whereas the 
capacity, according to the original <grcle, was rated at 4000 tons daily, 
the changes have so reduced the leaching time that over 8000 tons daily 
has been treated and, if the feed were available, this capacity could 
be maintained. 

Leaching 

The first difficulty encountered, after getting the plant into successful 
operation, was with the solvent power of the leach solution, on attempting 
to increase capacity. The sand tailing was not unifonnly low in copper. 
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as was expected, and it was found that although the leaching solutions 
were of the proper concentration to do good work their action was not as 
rapid as it should have been and the copper concentration of the strongest 
effluent solution was lower than expected. This was correctly attributed 
to the lack of proper oxidation of the leaching solutions, a contingency 
that had been anticipated from the beginning of experimental work. 
After developing an analjiiical method to determine the ratio of cupric 
to cuprous copper in a solution, it was found that the cupric copper was 
surprisingly low; and as it is the cupric ammonium carbonate only that 
attacks native copper, efforts were made at once to oxidize the leaching 
solutions with air. After determining, by experiment, the proper size of 
equipment necessary, two steel towers were erected, each 8 ft. in diameter 
by about 35 ft. high, for oxidizing the copper; and a third, 6 ft. in diameter 
by 15 ft. high, for absorbing any ammonia carried away by the air passing 
through the oxidizing towers. These towers were filled with wooden 
grids so as to offer a large amount of film surface to the action of the air. 
The solution was sprayed on top of the grids, allowed to percolate through 
them, and drawn off at the bottom. Air was forced into the bottom, 
from a blower, and passed through the oxidizing towers in series and, 
finally, through the absorbing tower. One tower was provided for each 
leaching solution; and although, at present, only one leaching solution 
is used it is divided and flows in parallel through the two towers. Very 
little ammonia vapor is carried along by the air; but to recover this, a 
spray of water in the absorbing tower, amounting to 0.5 cu. m. per hr., is 
used. This, after absorption, becomes part of the ammonia wash. The 
losses of ammonia and carbon dioxide in the exhaust air are insignificant. 

After installing the oxidizing equipment, the leaching power of the 
solutions increased markedly and, since that time, a practice has been 
made of keeping the cupric copper in the leach solution up to 90 per cent, 
of the total copper. 

An excess of air is used, as may be judged from a recent experiment 
in which 100 cu. m. of solution carrying 34.5 gm. per liter copper, 61.9 
per cent, of which was cupric, was oxidized and resulted in a solution 
containing 90.4 per cent, cupric copper. The air leaving the absorber 
contained 7.2 per cent, of oxygen, showing a removal of oxygen from the 
air of about 66 per cent. This excess of air is necessary to Tnaintnin a 
high cupric to cuprous ratio under varying conditions of volume 
and concentration. 

No difficulties have been experienced with the apparatus and no 
corrosion is apparent. The absorbing water used contains considerable 
calcium chloride; and as the air carries carbon dioxide into the absorber, 
as well as ammonia, a precipitate of calcium carbonate forms on the grids, 
which must be removed occasionally when the back pressure on the 
apparatus becomes high. 
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With the oxidation of solutions accomplished, the plant was easily 
brought up to its rating of 4000 tons daily but the plants, preliminary to 
leaching, increased their elEciency and it became necessary to handle 
still larger tonnages. This meant a speeding up of the cycle, and the 
obvious way to do this was to increase the strength of the leaching solutions 
and to attempt to keep down the ammonia loss at the same time. 

The leaching solution used, in most of the experimental work, con- 
tained about 12 gm. per liter ammonia (NHs), with carbon dioxide and 
copper in proportion. Soon after the start of commercial operation, it 
was realized that to obtain the proper extraction in the length of time 
allotted it would be necessary to increase the strength of the solution 
beyond that point so that a solution carrying 20 gm, per liter NHs was 
adopted. This resulted in a loss of ammonia, in the sand tailing, of 
about 1 lb. per ton, as it was practically impossible to wash the tailing 
free. It was believed that the stronger the leaching solution the greater 
this loss would be, which proved to be the case. Demands on the plant 
for increased tonnage during the war years were met by increases in the 
strength of the leaching solution, so that the ammonia loss increased to 
about 13 ^ lb. per ton. With ammonia at 35 c. per lb. at that time, 
it became the greatest single cost and more than half of the total. A 
means of cutting down the loss without decrease in capacity was very 
much to be desired. 

The use of steam for driving out ammonia from a residual product is a 
feature of early patents on leaching copper ores by ammonia, and the 
amount of ammonia remaining absorbed in the sand after washing was 
determined in the laboratory by this method. It was obvious that a 
successful application in the leaching tanks would result in marked 
economies of operation. The Kennecott Copper Co., operating an 
ammonia leachmg plant in Alaska, had developed a very effective 
steam wash for its tailing. In this process, steam was admitted to a 
leaching tank above the body of sand and forced through the sand under 
pressure, volatilizing any ammonia contained therein, which was forced 
out through the bottom of the tank, condensed, and recovered. For this 
work not only were tight covers required but strongly reinforced covers. 

During the early part of 1918, we made small-scale experiments with 
a view to using this process if it proved practicable. The objections at 
the start were obvious. The tank covers were not built to withstand 
pressure and no tight joint was provided; therefore, it would be necessary 
to design special covers, and to design a movable cover 54 ft. in diameter 
built to withstand 10 lb. steam pressure or a possible vacuum was an 
engineering problem in itself. Moreover, experiments showed that the 
pressure process was unsuited for the work. The sand is very fine and the 
sand bed, consequently, is not readily permeable. A fairly high pressure 
of steam was required to keep up the fiow through the fine sand and the 
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time consumed in steaming was too great to make the process feasible. 
As the leaching tanks are not insulated to prevent heat radiation, a 
long steaming period would result in a high loss from this cause. 

Before abandoning the attempt to recover the lost ammonia by 
steaming, a vacuum steaming process was tried, which proved successful. 
As put into practice, steam is admitted above the surface of the sand, in 
the leaching tank, at atmospheric pressure. A partial vacuum is main- 
tained beneath the filter at the bottom of the tank and, because of the 
vacuum, steam is drawn into the sand bed. The cold sand condenses the 
steam, at first, and the vacuum is thereby" increased, causing an aug- 
mented flow. As the mass becomes heated, the steam volatilizes the 
contained ammonia, which passes downwards with and is collected by 
the condensate. When the entire bed of sand has become heated, the 
suction is continued and steam is drawn through and condensed in a 
surface condenser. When the condensate becomes sufficiently low in 
ammonia, the flow of steam is stopped and water is allowed to flow over 
the sand surface. By the action of the vacuum pump, the water is 
drawn through the sand, becomes heated by it, and the first portion 
vaporized, so that an additional steaming effect is obtained in this 
manner. The vacuum treatment is prolonged imtil the effluent solution 
contains a low percentage of ammonia, usually 1 gm. per liter. Practi- 
cally all of the adherent ammonia is removed from the sand in this 
manner. In Fig, 1 the effect of this steaming is shown graphically; 
there is an increased concentration of ammonia in the condensate and an 
equally rapid fall. The introduction of steaming did not, as anticipated, 
reduce the volume of solution distilled for copper recovery as the amount 
distilled had to be equivalent to the dilution, and this did not decrease 
to any great extent. 

The following new apparatus was required: A steam main, four 
regular tank covers equipped with steam-inlet connections and auto- 
matic steam-control valves, expansion joints in the effluent wash line, a 
surface condenser with vacuum pump and condensate pump. The steam 
main has an outlet at each tank and the covers are moved from tank to 
tank as desired. The autom^^tic control valve regulates the steam 
pressure over the sand to within 1 in. of water above or below atmos- 
pheric pressure, although the flow varies considerably and the only joint 
between tank and cover is the water seal used to prevent the escape of 
ammonia. The effluent wash line carries air, solution, and vapor to the 
condenser, the air being exhausted by the vacuum pump and used in 
the oxidizing towers while the solution and condensed vapor make up 
the bulk of the new ammonia wash. 

Although the use of the steam wash did not result in a material saving 
in the amount of solution distilled, we were able to decrease this amount 
by a careful study of the factors controlling dilution. In leaching by 
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downward percolation, it is customary to use the piston method of dis- 
placement; that is, one solution in passing down through a charge forces 
another solution ahead of it and the first is displaced completely by the 
second. In the case in question, considerable dilution took place at the 
start where the water contained in the sand was displaced by the leaching 
solution. This dilution occurred through a mining of the leach with the 
water, forming a solution too strong to waste. By draining the water 
originally contained in the sand just below the surface and by building 
up a head of leaching solution over the sand before percolation was 
allowed to proceed, the dilution could be kept down to a Ttiinimum - 
Leach solution used is displaced by wash and wash by water in a similar 
manner. Later, it was found that tanks that filled imevenly gave more 
dilution trouble than others and also higher tailings; all tanks are now 
carefully leveled before leaching by means of a rotating water-jet appa- 
ratus. In running solution on to a tank, care must be taken that it does 
not form holes in the sand or imeven percolation will result. 

The leaching cycle used in 1917 provided for two leaching solutions, 
called the first and second leach. The idea was to have a solution of 
weaker solvent power act on fresh sand and to become saturated with 
copper; this to be followed by a more active solution that would dissolve 
the last traces of copper. A better understanding of the chemistiy of the 
process showed that there was little, if any, difference in the activity of 
the two solutions, so to simplify the operation the two leaches were 
gradually brought to nearly the same strength. About the time that 
steaming was introduced, the two solutions were thrown into one and 
only one leaching solution is now used. This is the proper procedure, 
as it is the cupric copper that does the leaching and an excess of ammonia 
over the proper ratio is of no advantage. A solution of the proper 
strength will become practically saturated in passing through fresh sand, 
so that nothing is gained by the two passes. The ammonia wash is stiU 
used but is obtained in a different manner; namely, as the solution drawn 
from the condenser during the steaming operation. This wash is rela- 
tively high in ammonia and low in copper, the usual ratio being 3:1 by 
weight. The steam wash is preceded and followed by a water wash. 
Enough wash must be used to remove all dissolved copper before the 
sand becomes heated by the steam or copper will be precipitated in the 
sand. The wash must be reasonably high in ammonia and low in 
copper, or the copper in the leaching solution will hydrolyze on dilution 
and basic copper carbonate will be precipitated. Originally, the rich, 
or pregnant, solution for copper recovery was drawn from that portion 
of the effluent solution that was richest in copper; and to this was added 
enough of a weak solution to make the total equal to water introduced 
into the cycle and to keep the volume of the solutions constant. By this 
method, considerable solution contaiiung cupric copper was sent to the 
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stills and it was difficult f o prevent the formation of basic copper carbon- 
ate during the distiilatioi;. This depleted the solution of carbon dioxide, 
lowered the grade of the concentrate, and formed in the stills a hard scale 
that was difficult to remove. According to present practice, the first 
portion of the effluent solution is used for distillation. This solution, 
having acted on fresh copper-bearing sand, is practically aU in the cuprous 
state; the volume distilled is such that the proper amotmt of copper is 
removed and at the same time the volume of leaching solution is kept 
practically constant. The precipitated oxide is largely cuprous and 



causes much less caking. Usually, a few cubic meters of the first effluent 
solution is sent to the ammonia wash, but this is done merely as a con- 
venience to keep calcium carbonate from forming in the long rich solution 
lines; the wash lines are shorter and usually hot, so that.the tendency 
there is for the caldum carbonate to remain in solution. Trouble from 
calcium-carbonate scale is discussed later. 

After the requisite amount of rich solution for distillation is drawn off, 
the remainder of the effluent solution, before steaming, goes to make up 
the new leachmg solution. It passes through the oxidizers on its way 
to the storap tanks and is brought up to strength before going on to the 
sand by mixin g with strong ammonium-carbonate liquor, obtained Ai' thAr 
from distillstion or as new liquor from tank cars. A sand tanlr ig drained 
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thoroughly before steaming and efl3.uent solutions following this make up 
the new ammonia wash. 

To indicate the cycle used at present, an individual tank has been 
followed through, as shown in Fig. 1, Strengths of solution are shown, 
also the principal events in the cycle as they occur. This tank, taken 
at random, is typical but no two tanks are exactly alike. The filling 
time, as shown, is 6 hr., which is much longer than the average. A 
solution flow sheet, Fig. 2, shows the course taken by the various 
solutions concerned. 

The difficulty in keeping the solutions at the point of maximum 
efficiency may be realized from a consideration of the following factors 
which must be controlled. 



Ccmcentrations . — Copper in leach (30 gm. per liter); regulated by 
removing for distillation an amount of copper equivalent to that 
dissolved from the sand by the leaching solution. 

Ammonia in leach (60 gm, per liter); strong liquor added 
to leach in required amount. 

Carbon dioxide in leach (40 gm. per liter); tank-car ship- 
ments must be carbonated as required; slow adjustments only 
are possible. 

Ammonia to copper ratio of wash (3 NHb:! Cu); regulated 
by amomit of first water wash used before steaming. 

Volumes , — ^Volume of leach must be kept within limits of storage 
tanks and sufficient for unusual demand; excess volume, if any, 
distilled, deficiencies made up from rich solution and wash. 

Volume of wash is regulated by amount of water before steam- 
ing, also by amount drawn off at end of cyde. 

Volume of strong liquor is regulated by tank-car shipments. 
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Oxidation 0 / Leaching Solution. 

Kept to 90 per cent. 

Assay of feed and tailings for the tank shown in Fig. 1 are as follows; 
they are typical of practice on richer sands: 

Pep* Cen’t. Per Cent. 

Per Cent. C'*pi-er Copper ix Per Cent. 

iiiXD IV Peed Tailing Extraction 


“T 2S mesh 2,1 0 731 0.354 51.6 

*4* 4S mesh 17.7 0.547 O.ISO 67.1 

-r 100 mesh.. 50 5 0.550 0.111 79.8 

-i-200me6h 15 S 0 579 0.092 84.1 

-200 mesh 13.9 1.171 0.107 90.9 

Average 0 648 0.123 81.0 


Distillation 

The distillation process, in its simplest terms, consists in driving off 
the ammonia and carbon dioxide by means of live steam, as gases, con- 
densing them after a partial concentration, and collecting the precipi- 
tated cuprous and cupric compound, chiefly oxide. If copper oxide 
were produced in one step from the solution, the operation would prob- 
ably be very simple; but both copper hydrate and carbonate are inter- 
mediate products and, when precipitated, are inclined to produce a hard 
scale. Early in the work, it was realized that cupric-copper solution 
produced more carbonate than cuprous solutions and gave more scale 
trouble, but it was not until recently that it was found that a hydrate 
scale could be as troublesome as the carbonate and the dehydration of 
the copper hydroxide is not as simple as it would appear. On long- 
continued boiling, the dehydration proceeds to a point where little scale 
results, for which reason, in a single-effect still, the oxide is usually 
soft if boiling is long continued. In a continuous still, however, there is 
always some point where hydrate is precipitating and here scale forms. 
On the other hand, a continuous still has much to recommend it as far 
as capacity and economy are concerned. The ordinary type of con- 
tinuous ammonia still becomes choked with a hard scale and is Hiffinntt. 
to clean, so the roughing-flnishing still combination was developed. 

The roughing still takes care of the solution wMle copper hydrate 
forms, and the finishing still, an efficient ammonia still, receives from 
the roughing still lean solution and some dehydrated oxide, which causes 
little scale trouble. The roughing stills are provided with clean-out 
doors and are ^Ht v^icaUy. Once a week, the doors are opened and 
scale removed as far as possible; and once in six weeks, the vertical joint 
is broken, one-half of the still removed, and the whole given a thorough 
cleaning. The scraping arms, driving mechanism, piping, etc. are 
attached to the fixed half of the still and are not disturbed. Considerable 
foaming takes place during operation and all pipe lines carrying solution 
or vapor become filled with scale and require frequent nWyiing 
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There are four units, each unit consisting of one finishing still, two 
roughing stills, one reflux condenser, one ammonia condenser, and the 
necessary accessories. The feed Uquor, rich solution from the leaching 
plant, enters at the top of the roughing stills and flows through them to 
the finishing still. The major portion of the precipitated oxide is 
removed by a trap, which is discharged intermittently and is located at 
the base of the roughing still. The waste liquor from the finishing still 
is pumped to Sweetland filters, where suspended oxide is removed and 
the barren liquor rejected. Steam enters at the base of the finishing 
still, flows through it and the roughing stills counter-current to the liquor; 
from the top of the roughing still, the vapor carrying ammonia and 


Vapor 



carbon dioxide gas passes on to the reflux condenser where it is partly 
cooled. By the cooling, some condensation takes place; and as the 
condensate is low in ammonia, the resulting vapor is enriched. The 
condensate from the reflux is returned to the finishing still and the vapor 
is further cooled and condensed in the ammonia condenser and flows to 
strong-liquor storage tanks. The temperature of the vapor leaving the 
reflux column controls its grade in ammonia and is kept constant. A 
diagrammatic flow sheet is shown in Fig. 3. 

The solution distilled at present averages about 35 gm. per liter 
copper, 35 gm. per liter ammonia, and 30 gm. per liter carbon dioxide. 
The strong liquor carries no copper, about 150 gm. per liter ammonia, and 
130 gm. per liter carbon dioxide. The effluent solution from the roughing 
stills carries 2 or 3 gm. per liter ammonia and the finishing still waste 
about 0.05 gm. per liter. Steam consumed including all losses is approxi- 
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mairfy 500 kg. for each cubic meter of solution boiled out. The 
ammonia is practically all recovered in this operation, the loss in the 
waste being slight and incidental leaks easily detected. 

Although the usual type of column still is apparently unsuited for 
boiling out the liquor, the fact that it is much more efficient than the 
roughing stills led to making some experiments with a modified type. 
This is practically an ordinary continuous ammonia still except that the 
openings and clearances are larger. By a careful control of concentra- 
tions, the formation of copper carbonate is prevented; and by controlling 
temperatures and pressures, the dehydration of the copper hydroxide is 
facilitated. Many other unusual factors entered and had to be cared 
for. One unit consisting of a column still, a reflux column, and a con- 
denser is now operating verj* satisfactorily. Careful regulation is neces- 
sary but the capacity is higher than that of the old type of unit and the 
steam economy is much improved. In this still, the copper oxide is kept 
in suspension by the internal agitation and passes out through the stiU 
with the waste liquor to a Sweetland filter. More frequent cleaning is 
necessary than with the old type of unit, but this operation is concen- 
trated in one piece of apparatus and is more easily accomplished than 
before. Experiments are being continued, and with a better imder- 
standing of the conditions imder which the scale forms it may be possible 
to prevent the formation of any great amount. This type of unit wiU 
probably replace the older form. 

In a process of this description, there are many incidental factors 
that are worthy of note but that do not bear directly on the operation as 
earned out. The two great difficulties with most leaching operations 
are corrosion and fouling, and while ammonia leaching is not handicapped 
in this direction to the extent that an acid leaching process would be, 
care is necessary in the choice of materials of construction and in the 
details of manipulation. 

Because of corrosion, zinc, brass, and copper cannot be used in any 
parts coming in contact with the ammonia. The solution used for 
leadbing has very little, if any, corrosive effect on iron althou^ iron rust 
seems to be softened by it. Leaching tanks and solution-storage tanks 
of sted show no bad effects, provided that care was taken to have good 
rivets and joints when the tank was buflt; rust joints are not permissible. 
Cast-iron pipe lines with flange joints have been chiefly used and have the 
advantage that there are no tbmaded joints to leak. 

Strong ammonium-carbonate liquor is quite corrosive, especially when 
hot or when carrying a small amount of copper in solution. Steel tanTra 
and pipe lines are not permissible for strong liquor; for storing and con- 
veying this liquor, cast iron is used as thk seems to be more resistant 
than steel and is considerably heavier. Where thin pipes are required, as 
in condensers, aluminum is used as it resists the action of the solution 
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verj’^ well. Pumps cannot be used to good advantage on strong liquor, 
so that storage tanks are made heavj* enough to withstand air pressure 
and the solution is removed by this means. 

Although copper-ammonia solutions are supposed to have a dissolving 
action on cellulose, filter cloths and cocoa mattings show no bad results 
from this cause. Copper-ammonia carbonate seems to have no action 
of this kind and the concentration of the solution is such that no copper- 
ammonia hydrate is present. Copper-ammonia hydrate would doubtless 
dissolve this material. 

Freedom of fouling, from the building up of dissolved minerals from 
the ore, was not to be feared because the solvent is regenerated by dis- 
tillation. In fact, no fouling of anj' description was expected; but during 
the winter of 1917-18 the efficiency^ of the plant began to fall off for no 
apparent reason. The copper content of the tailings increased from 
0.100 per cent, in August, 1917, to 0.164 per cent, in December, and this 
was accompanied by an irregularity in the percolation rate indicating 
that all parts of a charge were not leached miiformly. Standard practice 
had been not to flush out the leached sand tailing completely from the 
tank but to leave a few inches in the bottom as a protection for the filter 
cloth beneath it. The disadvantage of doing this was not apparent at 
the time, but since it was never removed the condition of the filter cloth 
could not be ascertained. When it was realized that somethiag was 
interfering with good work, the sand layer was removed from the bottom 
of a tank and it was found that the filter cloth was impregnated with a 
nearly impervious layer of calcium carbonate. Although calcium- 
carbonate scale had formed occasionally in pipe lines, it had never caused 
any serious trouble. Treatment with dilute hydrochloric acid removed 
the scale from the filter and, after going over aU the leaching tanks in 
this manner, the plant operation became normal again, although the 
treatment had to be repeated in about three months. Later when the 
leaching cycle was changed, for other reasons, it was found that the pipe 
lines carrying the first portion of the effluent solution from a leaching 
tank became coated and finally choked with the same kind of scale, and 
that trouble from this source was much mdre serious in winter than in 
summer. It was fotmd that caldiun salts were introduced into the 
solution by way of the water supply, which contained considerablecalcium 
chloride and sulfate. In displacing the water originally present in a 
sand charge with ammonium-carbonate solution, a certain amount of 
mixing took place and calcium carbonateformed, being the most insoluble 
calcium salt. The solubility of calcium carbonate in water is given in 
handbooks as 0.0018 per cent, at 15° 0., whereas at 100“ C. it is 0.088 per 
cent, soluble, which explains the winter trouble. 

Several methods of attacking the scale formation were developed. 
For removing scale from filter cloths, hydrochloric add is still used. 
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Toss treated 

Poanda copper product'd 

Cost per ton sand 

Cost per pound copper 

Recovery x>cund8 per ton 

Assay of oxide 

.Vssay feed 

Assay tailing. 

Per cent, extraction 


1920 

1921 

1st 

Od 

1st 

Half 

Half 

Quabteb 

612.010 

721.770 

349,070 


5,104,372 

3.C9S.136 

41.70 

43. SO 

50.16 

4 42 

C.Sl 

4.74 

0.41 

7.07 

10.69 

S2.50 

s: .45 

SI. 73 

O.nW 

0.453 

0.624 

0.124 

0 100 

0.125 

70.1 

76.6 

80.0 


DISCUSSION 


1922 

1923 

Last 3 

1st 

2d 

Quabtebs 

Half 

HaiiF 

1.353,654 

741,000 

923,130 

10.455,000 

6,171,000 

7.454.000 

29 .S3 

36.73 

32.25 

3 SO 

4.41 

3.99 

7.72 

8.33 

8.07 

S2.33 

82 05 

82.55 

0.4SS 

0 521 

0 507 

O.IOS 

O.IOS 

0.103 

77.9 

79.3 

79.7 


G. E. Dai-bet, Middletown, Conn. — ^Some time ago, I was interested 
in recovering copper from tailings from a concentrating plant that was 
using brass-foundry ashes, and similar refuse. Some of the tailings went 
about 2 per cent, of copper, some of it was combined as a brass, very fine, 
and some of it was oxide copper. We constructed a plant and pumped 
the ammonia liquor round and round, but the ammonia loss was so high 
that we discontinued the work. What type of oxidizers were used in 
this plant and how were the oxidizing gases washed? That was our 
principal trouble, recovering the ammonia. 

C. H. Bexedict. — ^Some details are given in the paper as to that. 
By using a moderate amount of air and running the liquor to be oxidized 
over grids, in other words, breaking it up into a fine stream and then 
running the air from the oxidizers through one absorber, you should get 
along without any great ammonia loss. That has been our experience. 
There must have been something wrong in the way your plant was 
connected up. 
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Calculating the Zinc for Desilverizing Lead Bullion by the 

Parkes Process 

Bt Gbobgb G. Gbiswold, New Yobk, N. Y. 

(New York Meeting, February, 1924} 

Tse Parkes process of lead refining is based on the fact that when zinc 
is mixed with molten lead bullion, it forms an alloy with the silver and 
gold. This alloy freezes at a higher temperature and is of a lower specific 
gravity than the lead. With proper regulation of the temperature, the 
alloy solidifies and floats on top of the lead bath, from which it is removed 
and the silver, gold, and zinc recovered. The alloy should contain the 
maximum amount of silver (AgjZn,). 

The usual practice is to make two additions of the zinc. The first 
addition gives an alloy, or zinc crust, the zinc of which is saturated and is 
treated for the recovery of its zinc and silver; the crust from the second 
addition contains an excess of zinc and is used for the first addition on the 
following kettle. The crust produced depends on a number of items: 
purity of bullion, temperature, care with which kettle work is performed, 
addition of zinc, pressure used in expelling lead from crust, etc. 

It is desirable to make the concentration of silver in the zinc crust as 
high as possible; otherwise an undue amount of b 3 nproducts is produced, 
which greatly increases the cost of refining. It was formerly considered 
good practice to make a concentration of 20 : 1. That is to say, if the 
lead bullion assayed 150 oz. dor4 per ton, the assay of the retort 
bullion recovered from the zinc crust should be 3000 oz. per ton. As a 
matter of fact, the concentration should never, except on bullion assaying 
over 300 oz., be so low, and with low-grade bullion it should be 50 : 1. 

In one lead refinery where, ordinarily, the work was good, on 
a bullion averaging about 200 oz. per ton, a concentration of 24 :1 was 
common; but how it was obtained was known only to the foremen. 
Changes occurred, and under new foremen the kettle work fell off badly; 
the problem then was to bring about this greater concentration. As is 
customary, the refinery had a “schedule” for its 60-ton kettles, which 
gave the number of pounds of zinc required for all possible assays, on both 
the first and the second zmeing. Using this schedule, h^ temperatures 
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were fried borh in adi'Iins the zinc and in pressing the zinc crusts, but no 
appreciable increffse i:i the grade of the retort bullion resulted. Decreas- 
ing the amount of zinc added resulted in silver losses. Finally, it was 
found that by cutting o5 a liberal poundage of zinc from the scheduled 
amount for the first zincing, the grade of the retort bullion could be 
controlled. Frequently, after pressing off the zinc crust, the assay of the 
kettle was found too high and an extra zincing was required. As the 
kettle work was a contract job and was supposed to be cleaned up in not 
less than 10 hr., the refinery was beset with labor troubles, and that at a 
time when labor was scarce. 

It occurred to the author that it might be possible to work out a 
method for figuring the weight of zinc to be added for the first zincing 
on the basis of the total silver in the kettle. This would be, of course, the 
amount in the charge tapped from the softener, plus that added in the 
form of crusts, or stubs, derived from the second zincing of the previous 
charge. A start was made by assajdng, for zinc and silver, a series of 
kettle samples after pressing off the crust from the first zincii^. The 
zinc content of the kettle after skimming was fotmd to vary with the 
silver content, and from the data thus obtained it was possible to calcu- 
late, with sufficient accuracy, the zinc content of the kettle, from the 
silver assay of the hot sample,* 

Previous experiments on the zincy lead going to the refiner after 
complete desilverization gave an average of 50 tons per kettle and an 
average zinc content of 0.52 per cent.; therefore, 520 lb. of zinc per kettle 
went to the refiner. From these data the pounds of zinc available in the 
stubs could be calculated; thus: 

Let X = tons material in kettles after pressing off first crust 
y per cent, zinc in kettles after pressing off first crust 
z « pounds zinc added to remove all remaining silver 
xy ■+ z — 520 = pounds of zinc in stubs 

This formula was replaced after a few months by the empirical 
fonnula: 

assay of hot sample + assay of cold sample x , 

^ Xg + z 

The formula was suggested by Guy Cheney, who noticed that the ratio 
of the average alver assay to available zinc remaining after first ringing 
was a constant. As it gave identical results and was simpler, it 
was adopted. The formula is general and applies to any kettle, regardless 
of capacity. 


> The hat tample npresentB the total oontents of the kettle; the cold sample 
r^resents the contents of 12ie kettle after the zinc crust is removed. 
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To calculate the zinc required for the first zincing, one must first 
determine the total silver in the kettle. Let us assume that it is required 
to figure the zinc on a new charge; that the assay of the 60 tons of bullion 
tapped from the softener is 200 oz. per ton, the hot assay of the kettle 
from the previous charge is 100 oz. per ton, the cold assay 20 oz. per ton, 
that 2000 lb. of zinc has been added, and that x = 65. 

60 X 200 + 100 X — total to be zinced = 18,500 oz. 

18,500 -T- 6.5 = pounds zinc required for first zincing = 2850 lb. 

12 X 65 + 2000 = pounds zinc available in stubs = 2789 lb. 

New zinc to be added 70 lb. 

If the softened bullion assayed 100 oz. per ton, the total silver to be 
zinced would be 12,500 oz., and the zinc required for first zincing would 
be 12,500 5.2 = 2404 lb. 

As there is available in the stubs 2780 lb. of zinc, all the stubs 
will not be needed. An inspection of the number and size of the 
stubs should give a basis for a sufficiently close estimation of the 
zinc content of the fifth stub, assuming that there were five. If we 
assume the estimated content at 400 lb., there is required the first four 
stubs and 24 lb. new zinc for the first zincing. If the second ziacing 
calls for 2000 lb. of zinc, there is added the fifth stub and 1600 lb. new 
zinc. This does not affect the assay as practically all the silver is in 
the first three stubs removed. 

To apply this method successfully it is necessary : (1) That the bullion 
be thoroughly softened. (2) That the softened bullion tapped to the 
kettle be cooled down and liquated to remove copper. (3) That the 
capacity of the kettle at various levels be known. (4) That stubs be 
returned to their proper kettle. 

The factors used above (6.5 and 5.20), were developed by experience, 
and ran from 5 to 8 according to grade of bullion. That they vary is 
probably due to the fact that at the pressing temperature, 780° F., the 
amount of zinc in solution is the same in aU cases. Were this accurately 
determined and allowed for, the factor for silver would doubtless be the 
same for all grades of bullion. 

The tonnage of the material in kettles was fiigured as for lead, and while 
the tonnage was probably wrong, the error was a constant. It would be 
desirable to know the specific gravity of the aUoyat.the temperature used. 
For the second zincing one may use a schedule or calculate. 

Our knowledge of the rate of decrease in zinc and silver of the kettle 
content while working it down is meager. The author had intended to 
carry out a series of experiments to get this deared information, but labor 
and other conditions prevented. Exact information along these lines 
would be valuable. To obtain it is a work that might weU be undertaken 
by metallurgical students where apparatus is available. 
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The following method of procedure is suggested: Remove the crust 
which forms immediately after the second addition of zinc; heat the kettle 
TO insure complete solution of the zinc; stir and, when thoroughly mixed, 
take a series of gumdrop samples out of the stream flowing from stirrer; 
cool dowm and remove the second stub; again raise the temperature, stir, 
sample, etc., as before; follow this procedure until the desilverization is 
completed. Because of the pronounced tendency of this alloy to 
segregate, only in this way can concordant results be obtained. For the 
same reason, each gumdrop should be rolled and the whole dissolved, 
aliquot portions being taken for silver and zinc assays. 

DISCUSSION 

C. S. WiTHERELL, New York, N. Y. (written discussion). — ^The 
Parkes process is hy far the process most generally used for desilverizing 
lead bullion, yet the main feature (L e., the application of zinc to the soft- 
ened bullion for desilverizing) has always been done in the most unscien- 
tific and irrational method possible. Each lead-refinery operator has a 
pet “schedule*' that is supposed to guide him as to the amount of zinc to 
use for each successive skimming from kettle, based on assays and kettle 
capacity. The formulas used for compiling most of these schedules seem 
to have absolutely no relationship to the chemical, physical, or 
metallographic properties of the metals and alloys involved. 

Time is therefore over ripe for some one to put this matter on a 
rational basis and explain the fundamental properties that affect the 
consumption of zinc and the composition of the successive skims. 

The author has had many years of experience with the Parkes process 
and, from my long acquaintance with him, I am certain that he is compe- 
tent to undertake such a task; but, after reading his paper, I am led to the 
conclusion that he has written but little that clarifies the subject, in fact 
he has substituted one rule-of-thumb method for another. 

The author should state that the insolubility of the Ag-Zn alloy in 
molten lead saturated with zinc is also a cause of separation. If one is 
not convinced of the importance of this property let him add some silver- 
zinc crust to a kettle of zinc-free refined lead; he will find that the molten 
lead at any temperature wfll promptly dissolve a considerable amount of 
both silver and zinc. 

The author states that “the alloy should contain the maximum 
amount of silver (AgiZn*).'^ By this, I suppose, he means that the crust 
(first skimming) which is passed on to the next step in the process (retort- 
ing) should assay as high as possible in silver. The crust is not a single 
alloy but a heterogeneous mixture of silver-zinc alloy, zinc, probably 
some ternary combinations, and entrained liquidus from the kettle charge 
that pressing was unable to remove. Naturally if this crust is taken off 
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relatively hot and the zinc to produce it is limited, the Ag-Zn constituent 
will predominate. 

The chemical formula Ag 2 Zns that the author gives without qualifica- 
tion as the composition of the Ag-Zn alloy is open to question. H. O. 
Hofman quotes two alloys; first, an unstable alloy AgZns, second, a stable 
alloy Ag 4 Zn 6 . Eeferring to recently’’ published equilibrium diagrams® 
it will be noted that although is shown as a stable single 

constituent with the melting point 665® C., there exists also a stable 
constituent of a composition 29 atom per cent. (40.3 wt. per cent.) 
Ag melting point 636® C., which is approximately AgaZns and that this 
constituent is produced or forms part of a solid solution upon freezing 
any molten mixture of Ag and Zn from 37 atom per cent. Ag down to 1 
atom per cent. Ag. It therefore would appear that the compound AgaZng 
is the most likely to be formed when zincing at temperatures not 
extremely far above 420® C., and would be the first constituent to separate 
upon cooling. 

Eeferring to the third paragraph on first page, an additional and 
probably more important reason for maintaming high concentration of 
silver in the first zinc crust is the fact that the smaller the amount of 
zinc sent to retorts the smaller will be the amount of retorting and the 
smaller the zinc loss per ounce of silver produced. 

The concentration-ratio on the first page is of little value unless taken 
in conjunction with the grade of buUion treated. A table of assays of 
retort-bullion or concentration-ratios corresponding to varying grade of 
lead-bullion treated according to good up-to-date practice, say for 
grades 25, 50, 100, 150, 200, 300, 400 oz. dor6 per ton, would be most 
valuable, especially if in the same table the corresponding zinc-to-silver 
ratios in crusts sent to retort were given. 

The empirical formula, on the second page, 

Assay of hot sample + assay of cold sample x , 

2 

equals pounds of zinc in stubs, appears illogical, because the only reason 
one can obtain an assay of a cold sample less than the assay of the hot 
sample is due to the available extra zinc dissolved by the molten kettle 
charge at the higher temperature, which zinc when given up during cool- 
ing takes silver with it. Hence, the greater the amount of extra zinc 
dissolved, the greater will be the amount of silver extracted due to cooling; 
conversely, the greater the amount of silver extracted during cooling, the 
greater must have been the amount of extra zinc dissolved when hot. 
A more logical formula would be one based on the difference of assays 
hot and cold. 


*Dr. W. Guertler: MeiaHographiej 1, I, 474; H. 0. H. Carpenter and W. 
Wbitely: Jnl, of MetaUography^ 8, 145. 
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The author does not explain how he obtains the value JSf. I suppose 
this is in some way relate* I to the assaj^ of cold sample, as it represents 
the quantity of zinc added to insure practicall}^ complete removal of the 
remaining: silver. 

To determine the amount of zinc required for the first zincing, the 
autlior divides the total silver contents of the kettle after adding stubs 
by a divisor that is variable and dependent on grade of bullion, but 
determined b 3 " experience. This appears to be getting back to the rule 
of thumb; furtliemiore ho does not give anj" means of determining the 
factor for any other grade of bullion or silver contents of kettle than the 
two cases cited. 

I believe that. a closer consideration of what takes place during 
the first zincing, a simple rational formula can be evolved as follows: 
The total zinc added for the first skim is disposed of in two waya: a part 
goes to saturate a hot molten charge still containing a part of the silver, 
the remainder forms the crust. The formula then would have the form 

4 

z = ‘ 4-6, wherein z is the amount of zinc, A is the total silver contents 
c 

of kettle, c is a constant, and b is the amount of zinc necessary to saturate 
hot kettle charge at a given assay and temperature. Assuming that the 
values, given in the paper, of 2850 lb. zinc for 18,500 oz. silver and 
2404 lb. zinc for 12,500 oz. silver are correct, the formula just given 
becomes for that case: 

s = for 65 tons kettle charge, or 

z = 23 ^ + 22.66^r, for K tons kettle charge, or say 

z = 0.074A + 23K for K tons kettle charge at 420® C. 

Well-pressed skims that are sent to the retort, produced from 100 oz. 
to 300 oz. lead bullion, contsm from 0.18 to 0.12 lb. Zn per ounce dor€, 
hence the factor 0.074 would indicate that from 40 to 60 per cent, of the 
dor6 contents of the kettle would be removed in the first or hot skim- 
ming. At 420® C., the molten kettle charge will hold about 23 lb. of 
zinc per ton when in equilibrium with silver (about 100 oz. per ton). 
At the eutectic temperature of the lead-zinc system, 318® O., molten lead 
holds about 12 lb. of zinc per ton (authorities are not in accord), and 
practically no silver. 

It is to be noted from the forcing that the increase of 11 lb. (23 over 
12) of zinc and 100 oz. silver is approximately equivalent to dissolving 
the compound AgjZns. Unfortunately, on cooling more zinc leaves tihe 
molten charge than that which corresponds to AgsZus; hence when the 
eutectic temperature is approached, a considerable quantity of silver 
remains in the charge without sufficient excess or available zinc to form a 
crust. For this reason, it is necessary at this str^ to add a reasonable 
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amount of zinc to insure complete desilverization. It is found that 
0.3 to 0,6 lb, of zinc is required per ounce of silver contained in the 
skims produced by the second or cold skimming. 

The work that the author recommends would be very interesting and 
valuable for the students, but I doubt if the data obtained from one 
grade of bullion would be of much help to an operating metallurgist in 
charge of a plant treating a different grade of bullion. It would be of 
far more value, and give something of greatest need, if some expert 
metallographist (somewhat more than a student) would accurately 
determine the equilibrium diagram of the ternary alloy Pb-Zn-Ag at the 
high Pb comer covering the ranges Zn, 0 to 3 wt. per cent., by steps of 
0.1 per cent., and Ag, 0 to 3 wt. per cent. (0 to 900 oz. per ton), and put 
the information into such form that it can be easily understood and used 
by a lead-refinery operator. 

Some metallographic work has been done by R. Kremann and 
F. Hofmeier.® The work is far from complete, no attempt is made to 
construct a working equilibrium diagram with isotherms. About the 
only thing the authors accomplished was to establish roughly the ternary 
eutectic curve at the Pb comer. They, however, give an interesting 
metallographic theory of the Parkes process zincing with which I do not 
entirely agree. 

From information given in this article and from other sources I con- 
structed the diagram shown in Fig, 1. The isotherms are plotted from 
very meager data, but, although the whole ternary diagram may be far 
from accurate it illustrates the essential features. The Kremann and 
Hofmeier theory is based on the assumption that when a molten ternary 
alloy Pb-Ag-Zn high in Pb is cooled, Ag-Zn separates constantly in 
the same ratio as existed in the original alloy. Therefore the point 
that represents the composition of liquidus moves along a radian, drawn 
through the point Pb, toward Pb until the eutectic curve is reached, from 
then on the particular ternary eutectic that the point reached continues 
to freeze without change of composition. 

Assume a lead bullion containing Ag represented by point a. Fig. 2, 
and, for simplicity, assume that stock zinc is added; then the composition 
will change according to the line aai almost parallel to the Pb-Zn line. 
The point ai represents the composition at the completion of the first 
zinc addition and the temperature wiU have to be raised to hold all in 
molten solution. On cooling, Ag-Zn will separate along the line 
aiei. When e\ is reached, add zinc and heat; the composition will then 
change along line eia^. Again cool and poorer in Ag will separate 


• “Das temfixe System Silboiv22iik-Blei, Bin Beitrag 2m Theorie des Parkesier- 
ens/’ Monatahefte fUr Ckemie (1911) 32, 563; Vienna. KaiserHohen Akademie der 
Wissensohaften. 
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Fig. 1, — ^EQTJiUBRnrM diaqbam near Pb cobnbe, Pb-Ag-Za thrnabt, for 
APPLICATION TO PARKES PROCESS ZINCING. PLOTTED BY C. 5. WlTHEBELL FROM 
DATA OBTAINED FROM VARIOUS SOURCES. Ag-Zn BINARY DERIVED FROM DIAGRAM 

BY Carpenter and Whitbuby. 
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along line 0262 . By repeatedly going out on a parallel and returning to 
the eutectic curve on a radian, the Pb-Zn line is approached; that is the 
Ag is removed as a Ag-Zn alloy successively poorer in Ag, but unchanged 
during any one cooling. 

My objections to the theory are as follows: Practice proves that the 
alloy (or mixture) that separates first when the charge is hot is richer in 




Each successive freahnenf rnffr I2lb 2n p /. halves ihe Ag. 

Fig. 2. — Graph of procedure op Parkes process zincing, according to Kre- 

MANN AND HOFMEEBR THEORY. 


Ag than later when the charge is cool and approaching the eutectic curve; 
hence the change of composition is not along a radian, except probably 
just before reaching the eutectic curve. It is certain that above the 
melting point of zinc (419*^ C.) no elemental zinc can separate as a solid 
and it is further to be expected that only such zinc as is strongly combined 
with silver either as a chemical compound or stable alloy will appear 
in the solid that separates above say 420® C. Below this temperature, 
the separated solid will be progressively richer in zinc until the eutectic 
curve is reached. This is shown by the curved line ai 6 , Fig. 3. 
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Another property that facilitates the action of the zinc is its tendency 
to replace silver, or rather Ag-Zn compounds, in solution in much the same 
manner as certain salts replace other salts in aqueous solutions when a 
lai^e quantity of the replacing salts crj-stals are present. This property 
comes into play when removing the last of the silver. At this stage, 
skimming is done cold ndth a large excess of zinc, hence the crust is 
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WlTHBEEIJ. THBORT. 


mainly composed of elemental zinc which, in contact with the molten 
bath, constitutes an ideal condition for the replacement action. This 
behavior is much favored by the steep thermal gradient downward toward 
the Pb-Zn line and the non-existence of a Ag-Zn binary eutectic near 
100 per cent, zinc. 

It is not necessary to go back to the eutectic-curve each time except 
the last. Point 6, Fig. 3, is plotted on the 340° isotherm. Neither is it 
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necessary to raise the temperature to the melting point of the composi- 
tion corresponding to the first zinc addition. An arbitrary temperature 
well above the melting point of zinc can be selected, for example 450° C., 
and if the charge is held constant at that temperature the change of com- 
position while adding zinc will occur along the isotherm from o' to o", 
as shown in Fig. 3. 

The advantage of a high temperature is quick and thorough action. 
The disadvantages are that it is hard on the kettle and creates oxide dross. 

It is common practice at the end of the desilverization to partly 
freeze the Pb-Zn eutectic. The frozen mass adheres to the side of the 
kettle, from which it is barred loose and pushed to the center where it 
is hotter. 

The frozen eutectic is neither a compotmd nor a solid solution but a 
mixture composed of particles of zinc included in lead; hence on heating, 
a liquation of the lead away from the zinc takes place and momentarily 
zinc is separated which, if promptly skimmed, will leave the charge with 
less zinc than the eutectic composition. This probably explains how the 
author obtained finished charges containing down to nearly 0.5 per 
cent. zinc. 

The change of composition of the kettle charge during the second 
skimming is shown by the line a^f, Fig. 3. 

The important point that the author has brought out is that with any 
given grade of bullion a highly concentrated crust can be produced 
without suffering loss in precious-metal recovery, by proper addition of 
zinc and adjustment of temperature. The zinc, from whatever source, 
used for producing the skims that advance in process should be con- 
siderably limited and skimming done hot, thus causing each unit of zinc 
that separates from the kettle charge to carry with it a maximum amount 
of precious metal. The zinc deficiency is then made up in that used for 
the second skimmings, thus suppl 3 dng for this stage an abundance of 
zinc, amply sufficient for complete desilverization. These latter skim- 
mings are done while cooling down to the beginning of freezing and they 
produce the stubs that supply zinc to a subsequent charge. 

The accompanying flow and quantity diagram. Fig. 4, will give a fair 
idea of what takes place in the desilverizing kettle. If all charges were 
alike, it would be rational to add aU of the stock zinc Zt to the second 
gkimmiTig , but when ascending in grade from one charge to the next the 
quantity Zi must be added to the first skimming to make up the deficiency 
in the added stubs. It is not intended to be understood that in all cases 
only two akimminga are made but that all skims that advance in process 
are classed as first skims and the remaining skims that are reused are 
classed as second skims. When studying the diagram, there will be 
noted a marked similarity to the method known as two-stage-counter- 
current leaching so much used in hydrometallurgy. 
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Geobge G. GniswoLD. — !Mf. Witherell’s discussion brings out certain 
pomtft of interest to tlie metallographer. The opening paragraph, 
though, seem.s a int unfjtir to the lead-refinerj* operators. It has been 
most difficult to get concordant assays on the hot metal after removal of 
the zinc crust; and in a bu-s-y refinerj’ the superintendent has had to play 
safe. It is easy to get into difficulties, as many have learned. Then, 
too, the influence of luas? on the alloy formed has not been fully realized; 
in his discus^iun, Mr. W'ithcrcll has failed to emphasize this point -vchioh 



Fio. 4 . — Flow akd quantut diagbam of Faskexb fbocbsb zmciKO fob the bbfin- 

nra OF lbad boluioh. 

is of fundamental importance. For esample, when trying out this 
method in one refinery, a 15-day trial was made, kettle A using the 
method and kettle B using the regular schedtile. The charges were 
tapped from the same softener and thus were identical. Both were 
carefully cooled down to liquate out all copper possible, and pressing was 
done at the same temperature. In the 15 days, kettle A used 8000 lb. 
less zinc than kettle B but the zinc crust from kettle A was mudi richer 
in both zinc and silver than that from kettle 
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The zinc crust is, as Mr. Witherell says, a heterogeneous mixture 
containing gold, copper, silver, zinc, lead, arsenic, antimony, bismuth, 
and possibly traces of other elements. With the exception of gold and 
copper, which have the strongest affinity for zinc, these elements are 
present in the stubs. That these elements, though present in small 
amounts, profoundly affect the d^ee of concentration is probable. If 
arsenic and antimony are present in appreciable amounts, it is practically 
impossible to desilverize by means of zinc. 

To give some idea of the concentration obtained, it may be stated 
that at one refinery the retort metaJ produced from 200-oz. bullion 
averages 5800-6000 oz. dor4 per ton. At another, at the time of the 
writer’s visit, the weight of the zinc crust from 125-oz. bullion indicated 



Pig. 5. — Cubvb showing r^BiASLa tactobs fob oalcttIiAxin’g zinc bbquibbd in 

DBSILYBBIZING BULLIONS OP TABIOUS GBABES. 

a content of 3900 oz. dor6 per ton; such crust ^ould produce a retort 
metal assaying 5200 oz. per ton. A third refinery was producing from 
300-oz. bullion retort metal containing 6250 oz. per ton.] Of course, 
higher concentrations can be made. There is a record of a full month’s 
run, at a time when the refinery was not very busy and labor was plentiful 
and efficient, that shows a retort metal averaging 7200 oz. from bullion 
averaging about 250 oz. Such concentration is inadvisable in a busy 
refinery. It involves additional kettle work, a hot and disagreeable 
job at best and one little to labor’s liking; it may cause irritating delajis 
in the regular flow of operations. 

The zinc for the second zincing may be found as follows: 

(hot assay + cold assay) tons 
2 


z = 


1.7 
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when the averacc- as?ay is 00. For other assays, add or subtract 1 lb. 
zinc for each 10 oz. silver additional or less. It would appear more 
logical io figure on the cold a.«sa.v, but it does not work out. The impor- 
tant iKiint is to get enough zinc to rrlean the kettle. The writer has had 
difficulty in cleaning the kettle when the cold assaj' is over 40. 

At this point, it is desired to correct a statement made in the original 
paper in speaking of the factors, ns.; ‘‘That they varj' . . . would 
doubtless be the same for all grades of bullion.*’ This is not true. The 
factor is a variable, as shown by the simple curve, Fig. 5, having for 
ordinates the assay of the bullion, in ounces per ton. The abscissas are 
the factors. 

The writer is quite confident, despite IMr. WithereU’s doubts, that, 
properly supervised, the experiments as outlined would furnish valuable 
information. If done by students the data would probably be published. 

It is probable that the percent:^ of zinc in the various stubs removed 
in the second zincing is the same. It has worked out fairly well 
in practice. 

As to the pressing temperature, F. C. Newton'* dearly shows that the 
max'mum concentration occurs at 430° C, 

To one who has carefully watched the operation, Mr. WithereU’s 
theory on the action of zinc as a replacing agent in the second zincing 
seenos hardly to fit the facts. As a matter of fact, the alloy that separ 
rates out in cooling down the kettle has a crystalline structure and shows 
a marked tendency to freeze to the sides of the kettle all the way do-wn 
under the molten metal, necessitating constant scraping to insure its 
removal. Its action, in this respect, is similar to that of salts, which 
crystallize out from aqueous solutions as the density of the mother 
liquor increases. 

Once elemental zinc has been melted down in a kettle of molten lead, 
it never reappears as elemental zinc, except at retorts. 

The figure 0.62 per cent, zinc in the desilverized lead pumped to the 
refiner is a reliable one. It is the average of many assa-jB made on 
samples taken over an extended period to determine the commerdal 
feasibility of a process for recoverii^ zinc from the desilverized lead. 
Samples of the molten metal, as pumped from desilverizing to refining 
kettle, were carefoUy taken. 

MiiiO W. Ehbjci, Orange, N. J. — ^The author sas^s that the bullion 
should be thorou^y softened; what would he call a thoroughly soft 
bullion, and what would be the amount of copper and antimony? 

Geobge G. GbibwoIiD. — A thoroughly softened bullion should con- 
tain not to exceed 0.06 pet cent, antimony, and the arsenic should be 


4 Effect of ZntAgt Upon the Desilveruation of Lead. Tram. (1915) 61, 786. 
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less than 0.01 per cent. The copper may be anywhere from 0.1 per cent, 
down; it can be reduced to 0.05 per cent, by liquation, which should 
alwaj-s be done. 

C. S. WiTHERELL, New York, Is. Y. — Relative to the formula on 
p. 612, 1 caimot see how adding assays of hot and cold samples and divid- 
ing by 2 can possibly give any indication of the amount of zinc that is 
in the kettle charge. 

George G. Griswold. — ^The formula is empirical. The paper 
shows how the formula was derived. The zinc remaining in the kettle 
charge, after pressing, is never a constant; it was found to vary with the 
silver content. That is the reason why the formula gives such 
close results. 

C. S. WiTHERELL. — ^If that is the case, it is true through a very 
short range. The equation of a straight line can be taken as an empiri- 
cal equation of a circle for a very short range but it would not be logical. 
The author's equation, as applied to the conditions of Parkes desilveriz- 
ing process, must be only applicable over an extremely short range. I 
have tried this formula over a moderate range in a plant not far from here 
and it did not apply. 

Lawrence Addicks, New York, N. Y. — Over what range has it been 
tried, over the range of the silver content? 

C. S. WiTHERELL. — Say, cold assay up to 100 oz. How hot did you 
take that hot sample, above the temperature of molten zinc, that is above 
420® C. or just about 420® C.? 

George G. Griswold. — ^Just about. You are within narrow ranges 
when doing good work on the kettles, and the temperature will be about 
420® C. The hot and cold assays will be fairly uniform from day to day 
regardless of the silver content of the bullion. When you talk about a 
cold assay of 100 oz., you are getting into work that is going to give a lot 
of trouble. 

C. S. WiTHERELL. — know of good work that is being done with 
cold assay at about 75 ounces. 

George G. Griswold. — ^That would indicate good work, but not 
practical work when operating at capacity. With a cold assay of 100 
oz., the hot assay, which is the true measure of the silver content of the 
kettle charge after pressing, would probably be over 200 oz., a total of 
12,000 oz. is left in the kettle to be removed in the second zincing. Such 
work indicates a very high concentration of silver in the crust, which 
would probably produce a retort bullion of 8000 oz. per ton or better. 
It has been done over periods when tonnage of bullion was small and 

Toifc m.-HkO 
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retort bullion assajnng 8500 oz. silver to the ton produced at times. It 
adds to the time and work on the kettles and was abandoned to induce 
oxir experienced kettle men remain with us. I am quite sure that a cold 
assay of 75 oz. will give trouble. 

C. S. WiTHEBELL. — ^Thc Only trouble, or rather difference, is more 
zinc is used for the second, or final, skimming and so long as this furnishes 
zinc for the next first-skimming no harm is done. 

Geobge G. Gbiswold. — have gone through that. If you have over 
40 oz. you are going to have trouble. 

C. S. WiTHEBELL. — ^At the plant to which I have referred the cold 
assay is around 65 to 65 oz. (I have since been informed that their prac- 
tice is 65 to 75 oz. when treating about 200 oz. bullion.) 

Geobqe G. Gbiswold. — ^What is the assay of the refined lead? 

C. S. WiTHEBELL. — ^Below 0.2 oz.; this means that the average is 
between 0.10 and 0.15 oz. per ton. 

La WHENCE Addicks. — ^You have not told us the range to which the 
formula has been tried; was it 100 oz. to the ton? 

Geoboe G. Gbiswold. — ^The formula has been tried on bullion rang- 
ing from 100 to 500 oz. per ton. It has never been tried when the cold 
assay of the kettle charge after pressing was over 50 oz., as it was always 
the aim to keep within the limits of practical work, to avoid delays that 
interfere with the proper sequence of operations in a buqr refinery. 
Mr. Witherell is correct when he states that the formula is correct only 
over a short range; that range however, is as wide as it is safe to use with 
the limited kettle capacity common to most lead refineries. The cold 
assay will vary from 20 (it seldom goes under that figure) up to 38. You 
seldom get a greater variation than that. 

W. F. Gbobs, Maurer, N. J. — Bdieving that a table and chart giving 
the ratio pounds of zinc to ounces of silver in zinc crusts produced from 
various grades of bullion would be of value in coimection with this 
paper, Mr. Alexander communicated with many refineries requesting 
information regarding zinc crusts obtained when doing good work. 
From the information submitted, Fig. 6 and the accompanying table 
were prepared. The data given covered bullion ranging from 25 to 500 
oz. silver per ton; some refineries handling only low-grade bullion, others 
only fairly high-grade material. The chart and table, therefore, are a 
composite rather than one person’s idea of what constitutes good work. 
Thanks are due the following for their coSperation in preparing the chart 
and table: E. E. Dieffenbach, of the Balbach Metals Corpn.; A. F. 
Beasley, of the Bunker BQll & Sullivan M. & C. Co.; G. E. Johnson, of the 
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International Lead Refining Co.; A. £. Hall, of the American Smelting & 
Refining Co., Omaha Plant; and B. C. Stannard, of the Selby Smelting 
& Refining Co. 


Lsai> Buluok, 
SlLYBB PBB Ton, 
OUNOBS 

25 
50 
100 
160 
200 
250 
300 
400 
500 


Zinc Cbubts, Bottnbb 
Zinc pxb Ovncb 
or SiLTXB 

0.210 

0.192 

0.166 

0.146 

0.130 

0.121 

0.113 

0.110 

0.108 


H. H. AT.TinrATm ieR, Maurer, N. J. — The theoretical curve, Fig. 6, 
shows what the work ^ould be; actual practice at the various refineries 
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follows it closely, and were it not for some poor kettle work, the results 
would practicallj' check the tables. The cold sample shows the amount 
of silver to be taken up by zinc, or uncombined with zinc. Kettles con- 
taining as high as 60 oz. of silver can be cleaned, but there is a possi- 
bility of extra zincing with such high assays. Possibly, by using sufficient 
zinc, kettles assaying much higher in silver can be desilverized with one 
zincing, but I doubt if it would be good practice, Theoreticallj’, there 
should be little variation in the ratio of silver to zinc in the crust, and the 
assay of the crust would depend on the lead contents, or how well the 
pressing was done. If a certain amount of zinc alloys with a given 
amount of silver, the assay of the crust would vary with the pressure used 
in expelling the lead; although there is lead that cannot be removed by 
pressure, possibly it is combined in the alloy. 

A, F. Bbaslbt,* Kellogg, Ida. (written discussion). — ^I believe that 
formulas for zincing lead bullion for desilverizmg can be entirely 
eliminated; also the necessity of hot and cold samples by ascertaining 
how many ounces of silver 1 lb. of zinc will take up for any given dor6 
content of bullion. This information is, of course, hard to obtain except 
over a period of a long time and it undoubtedly would have to be col- 
lected at more than one refinery. 

At the Bunker HiU Smelter, our bullion runs quite uniformly for 
months; consequently, it is not necessary for us to watch our zincing as 
closely as at other plants where the dor6 content of the bullion is con- 
stantly changing. 

During the first two or three years of the operations at the Bunker 
Hill, I carried on considerable experimental work trying to ascertain 
the best method of doing the zincing, with the idea of obtaining the 
hipest possible concentration; the conclusion I came to, so far as our 
practice was concerned, was that after taking off the litharge, which 
formed on the lead flowing from the softening furnaces to the silver 
kettles, just enou^ zinc should be added to the bullion for saturation 
and stirred in thoroughly, then the stubs from the preceding kettles 
added, the kettle thoroughly stirred, then after the skim had risen 
to the suif ace the zinc skim pressed in the usu^ manner. The second 
addition of zinc is figured on the total zinc content of the original 
bullion by allowing 1 lb. of zinc for a certain number of ounces of silver. 
We have found that this figure changes with the dord content, or grade, 
of the bullion, but as we receive relatively small amounts of siliceous silver 
ores and as the ores smelted consist largely of Coeur d'Alene ores, our 
bullion has not varied in silver content to any great extent, except for a 
short pmiod last summer when we received considerable high-grade 
silver-lead ore from the Mayo district, Yukon Territory. Next summer. 


* Assistant Saperintendent, BonkeisHill Smelter. 
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when we expect to receive again this high-grade ore, we will trj" to make 
as many grades of bullion as possible and thus gather additional infor- 
mation with reference to the zinc and silver relationship. 

We do not take hot and cold samples, as we find it is unnecessary’; our 
lead is all of corroding quality and the silver content runs quite uni- 
formly from 0.10 to 0.14 oz. per ton. We have found it practically 
impossible to get good samples of the zinc crust, so we do all of our 
figuring on the assays of retort products and desilverized lead. How- 
ever, from such assay’s both the silver and zinc contents of the zinc crust 
can be obtained. The following figures give the results for the past 
two years on five grades of bullion, the concentration being figured on 
retort bullion content to original bullion: 

Months Assat, Ocscbs Concbntbation 

6 58.04 47 22 to 1 

10 63.38 43.90 to 1 

4 74.10 39. 10 to 1 

2 80.20 39. 10 to 1 

2 143.00 28.4 to 1 


During the period in which these figures were taken we did not get as 
low a copper elimination as possible, the copper assays being about 
0.09 per cent., as we were short of kettle capacity. Our ratio of concen- 
tration is considerably better at the present time, as we have gotten our 
copper contents down to 0.06 per cent. The zinc content of the zinc 
crust corresponding to the figures is respectively; 


1 

2 

3 

4 

5 


Bbe Cent. 

31.20 

30.70 

28.10 

30.14 

30.70 


These figures are obtained by getting tiie zinc cont^t on all retort 
products, which is a better method than trying to obtain dependable 
assays on zinc crust. 

Outside of the variations in the copper, arsenic, and antimony content 
of the crust, which should be slight on well-softened bullion, it would 
appear from the foregoing that the composition of our crust is only 
(Ranged by the silver and lead content for any grade of bullion, that is 
the silver and lead replace each other. 

Our zinc recovery from retorting is 89 per cent., the life of our retorts 
averages 70.5 heats; the average time required for retorting a 1200-lb. 
charge is 5.2 hr. made up of ^ hr. charging and pourii^ and 4.7 hr. to 
heat and complete distillation. We attribute a great deal of this success 
to Donaldson’s condenser. 
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George G. Griswold. — One could expect better concentration on 
143-02. bullion. Evidently too much zinc was used. 

C. S. WiTHERELL. — Mr. Beasley is not entirely warranted in drawing 
the unqualified conclusion that lead replaces silver in the kettle crust. 
Most of the lead present in the rich kettle crust sent to retorts is that 
which is physically absorbed and which pressing failed to remove. 
There may be present a small amount of a ternary constituent (Ag- 
Zn-Pb combination) as stated in my written discussion. 

The first alloy to leave the molten kettle charge is high in silver and 
is a definite alloy. I have good reasons to believe that it is equivalent 
to AgaZns; that has not been proved except that hot skimmings (that is, 
skimminga produced above 420® C., or above the melting point of zinc) 
seem to bear a ratio a little above 0.1 lb- of zinc to 1 oz. of silver, nearly the 
theoretical 0.104 lb. zinc per ounce of silver in AgaZns. Below the 
melting point of zinc, say below 420® C., instead of the separated con- 
stituent being AgoZng, or some other stable Ag-Zn alloy, elemental 
zinc starts to separate or at least a constituent higher in zinc starts to 
separate, and the nearer you get to the eutectic temperature, about 
318® C., the higher will be the zinc in that separated constituent. 

With low-grade buUions, 140-oz. is not very high grade but certainly 
70 or 80-oz. bullion can be considered low grade, most of the separation 
takes place below 420® C., hence the separated constituent will be rather 
high in zinc, much higher than say 0.11 Ib. zinc per oz. of silver. If 
we deal with high-grade bullions, 200 or 300-oz., considerable of the 
separation takes place above 420® C., and there will be a relatively lower 
amount of zinc per oxmce of silver in the rich kettle crust sent to the 
retort department. 

C. P. Linville, Elizabeth, N. J. — On the chart given by Mr. Gross, 
so far as high-grade bullions are concerned, that is from 160-oz. up, most 
of the smdters reporting gave figures that are close together; but for 
bullion from 160-oz. down, the amount of zinc used per ounce of silver 
varies greatly. In some discussion, it has been stated that the amount of 
zinc used varied from 0.32 lb., for the lowest grade bullion, up to about 
0.21 lb., for the higher grades. Some refiners are doing the same work 
with the same grade of bullion using from 0.17 to 0.12 lb. of zinc. That is 
a tremendous difference, and it would seem as if there was great need for 
a formula that will enable us to determine the correct amount to use, 
even for those low-grade bullions. 



EFriCIESCr OF SCREESING 


631 


EfiBciency of Screening 

Br Robert K. Warner,* E. M., New Haven, Conn. 

(New York Kleetiss, February. 1924) 

Is AN accurate measurement of the efficiency of a screen under a given 
set of operating conditions valuable? If so, what is the efficiency of a 
screen and how can it be measured? Sizing, especially of the finer sizes 
of material, has increased in importance in the development of flow sheets 
as a result of the perfecting of the rapid vibrating screens. More consid- 
eration should be given screens in the preparation of ball-mill feed, where 
they permit the admission of a dryer feed than the classifier. Where 
possible, the introduction of a screen ahead of the primary ball-mill, 
and the diverting of ore below, say, 4 mm. to a secondary mill, might 
result in a greater overall economy because of the thicker feed and the 
better adjustment of crushing media and mil] operation to the reduction 
demanded. "With the present trend back toward a combination of grav- 
ity methods and flotation, rather than flotation alone, the accurate, 
economical sizing possible with the new screens makes fine jigging a 
method to be considered. W. 0. Borcherdt* and John Bland* discuss 
the screening problem and also the value of dose siziag in the concentra- 
tion of some of the rare-metal ores. 

If a screen is to be used, it should be selected in competition with 
others; other things being equal, that screen which makes the cleanest 
oversize should be preferred. The quality of the screening and the tons 
handled per dollar together determine the choice and, therefore, both 
of these must be accurately measured if a correct decision is to 
be reached. 

Too frequently in mill design, the capacity has been considered 
almost to the esdusion of the completeness with which the undersize is 
separated from the oversize. It is, of course, possible to increase the 
aperture of the screen, and thus insure the removal of a sufficiently coarse 


* AsBiBtaat Professor of Mining, Yale Umvetsily . 

* Esihnaiiog Scxeen Effieiausy. Eng. dt Min. Jnl. (1019) 107, 651. 

* Notes on Sateening Ftaelaee. Eng. & Min. Jrd. (1919) 107, 1112. 
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undersize, but this expedient does not affect the quality of the oversize 
and may cause trouble by introducing into the undersize an excess of 
pieces larger than those desired. Where minerals with little difference in 
specific gravity, but high unit value, must be separated, the quality of 
the sizing is by far the most important factor. 

The usual method of measuring the efficiency of a screening operation 
is to call the percentage efficiency the percentage of the true undersize 
in the feed actually recovered as undersize from the screen. This 
calculation should be based on a screen test of the feed made on a testing 
sieve clothed with the same material as the mill screen being studied. 
The use of such a sieve will, of course, lower the apparent efficiency of 
any screen surface set at an angle to the horizontal but it avoids a false 
high efficiency due to enlarged or irregular apertures of the cloth on the 
mill screen being tested. The actual percentage of undersize may be 
determined from the mill-screen product weights or estimated from a 
screen test on the same testing sieve of a sample of the actual oversize. 

Unfortunately for the accuracy of this method, the undersize varies 
widely in the readiness with which it can be separated. The same screen 
operated in the same way, and fed at the same rate, with two ores having 
the same percentage of undersize and moisture content will give widely 
differing “efficiencies” according as the percentage of “difficult” grains 
in the feed varies. The term difficult grains, as used here, means those 
grains the intermediate diameter of which approaches the width of the 
screen aperture. Any screen, whether it is a half-blinded fixed screen 
or an imderloaded vibrating screen, will give practically a perfect “effi- 
ciency” calculated by the usual method on an ore, the true undersize of 
which is all much smaller than the screen aperture. The character of 
the feed often has a greater effect on the quality of the products than do 
the operating conditions and the type of screen. This fact causes W. 0. 
Borcherdt to conclude that it is imposinble to compare the results of 
efficiency estimates unless the character of the feed to the screens consid- 
ered is the same. He advocated the use of a factor obtained by dividing 
the wei^t of the true oversize in the feed by the weight of the actual 
oversize made by the screen and believes that the mathematical average 
of this factor and the effectiveness calculated from the undersize, as above, 
is the closest practical measure of screen efficiency. 

The unreliability of figures based on the oversize alone is illustrated 
by Table 1; these results are showm also in Fig. 1. Table 1 shows the 
efficiencies calculated by the oversize and undersize methods of twenty-six 
hypothetical results on three ores. Samples of the ores, if sized on a sieve 
clothed with the same material as the screen being tested, would give the 
following results: Ore A, 10 per cent*, undersize; ore B, 90 per cent, under- 
size; ore C, 55 per cent, undersize. It is assumed that a 100-lb. lot was 
screened in each test and the resulting oversize and undersize were 
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weighed. Variations in efficiency between different tests on the same ore 
were the result, therefore, of either the rate of feeding or the setting or 
operation of the screen. It is impossible, by the oversize method, to 


Table 1 


Weight, Pounds 


Efficiency PactozB 


Screen 


Oversize 

I 

I 

J 


TTndersize 


By Undersize Method 
P ^ Actual Undersize^ 
** True Undersize ' 
Per Cent. 


By Oversize Method 
^ True Ove rsize 
** Actual Ovezsize 
Per Cent. 


Ore A. — ^Test on hand sieve showed 10 per cent, undersize and 90 per cent, oversize 


I 

I 

100 

1 0 

0 

90 

b 1 

1 98 

2 

20 

91.8 

c i 

1 96 

4 

40 

93.7 

d ' 

94 

6 

60 

95.8 

e I 

1 92 

8 

80 

97.8 

f 

90 

10 

1 i 

100 

1 

100.0 

Ore B, — ^Test on hand sieve showed 90 per cent. underMe and 10 per cent, oversize 

g 

.100 1 

0 

0 

10.0 

h 

90 i 

10 

1 11.1 

11.1 

i 

80 1 

20 

22.2 

12.5 

i 

70 i 

30 

33.3 

i 14.3 

k 

60 

40 

44.4 

16.7 

1 

50 1 

50 

55.5 

20.0 


40 

60 

i 66.7 

26.0 

n 

30 

70 

77.8 

33.3 

0 

20 

80 

88.9 

50.0 

P 

15 ! 

85 

94.5 

1 66.7 

q 

10 

90 

100.0 

100.0 


Ore C. — ^Test on hand sieve showed 55 per cent, undersize and 45 per cent, oversize 


1 

r 1 

100 1 

0 

0 

45 

8 { 

95 1 

5 

0.9 

47.4 

t 

90 

10 

18.2 

50.0 

u 

80 : 

20 

36.4 

56.2 

V j 

70 

80 

54.5 

64.3 

w 

60 

40 

72.7 

75.0 

z 

55 

45 

81.8 

81.8 

y 

50 

50 

90.9 

90.0 

z 

45 

55 

100.0 

100.0 
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obtain an eflBlciency less than the percentage of oversize in the feed. 
Thus, in test a, we get an apparent eflScienc^' of 90 per cent., in spite of 
the fact that the results showed that the screen allowed no undersize to 
get through and was not screening at all. In test p, the efficiency by the 
oversize method was only 66.7 per cent., although 94.5 per cent, of the 
true imdersize had managed to get through the screen. When the 
amounts of true undersize and true oversize are nearl3^ equal, as in the 
tests on ore C, the oversize method gives results in the higher efficiencies 



that approximate those of the undersize method but shows, as before, 
ridiculoudy high results when the screening is poor. Granting the 
inconsistency of the oversize efficiencies, nothing can be gained by 
averaging these jSgures with those obtained by the formula based on the 
undersize. 

The danger in comparing efficiencies at different plants, obtained by 
any of these methods, is obvious, which is another reason why calcu- 
lated screen efficiencies have been considered of little comparative 
value. How then can we obtain a measure of the quality of the work 
done by a screen that can safely be compared with work done on a 
different feed? 

As any screen will pass quickly those grains in the feed that are small 
relative to the screen aperture, it would seem that the work done on this 
very ffiae material should not be considered in estimating screen efficiency. 
In short, the quality of the work done in a screening operation should be 
judged entirely on what happens to the difficult grains in the feed. The 
results then would not be obscured by the excessively fine ore present in 
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the feed and almost instantly removed by any screen. The proportion 
of difficult grains in an ore really affects the efficiency of a screen more 
than does the percentage of true undersize present. 

The writer suggests that the best available method for estimating the 
quality of the work done by a screening device is as follows: Collect a 
sample of the feed and undersize. Size these samples on two testing 
sieves, the first clothed like the mill screen under investigation and the 
second with apertures somewhat smaller. Then the ore passing through 
the first sieve and held on the second will give the proportion of difficult 
grains, and the undersize of the second sieve plus its oversize, when 
divided by the total weight of the sample, will give the percentage of the 
true undersize present. If the weights of the mill-screen products are 
available, the weights of difficult grains in the feed and undersize can then 
be calculated. The former divided by the latter will give the screen effi- 
ciency, expressed as a decimal. 

Should the weights of the mill-screen products be unknown, the effi- 
ciency can be calculated by the well-known formula for percentage 
extraction in concentration. 

p_ c(g-r) 

HiC-T) 

in which E = percentage extraction, expressed as a decimal; C = assay 
of concentrate; H = assay of heading; T = assay of tailing. 

In applying this formula, the percentages of difficult grains in the 
feed and products may be substituted for the assays and the formula 
becomes 

^ F{U - 0) 


in which E = efficiency of screen expressed as a decimal; U = per cent, 
of difficult grains in undersize sample; F = per cent, of difficult grains 
in feed sample; 0 — per cent, of difficult grains in a sample of oversize. 

A more convenient formula, as it requires the taking and screen test- 
ing of only two samples, namely the feed and oversize, may be derived 
as follows: In addition to the foregoing symbols, let A = per cent, of 
true oversize in feed sample; D => per cent, of fines (material smaller 
than difficult grains) in oversize sample; X = weight of feed to mill 
screen; and Z = weight of oversize from mill screen. 


Then 

Weight of difficult grains fed to mill screen == 

oz 

Weight of difficult grains in overaze = jqq 
W ei^t of difficult grains in undersize jjgg 


FX 

100 


OZ 

100 



636 


EFriCIENCT OF SCREENING 


By definition, then 



100 


OZ 

FK 


■Rut 7 » 4. 4. 

loo'^iod + ioo 

Or lOOZ = AX + OZ + DZ; Z (100 - 0 - D) 

^ ~ 100 -^0~ D’ E =>1- j^iQQ^To^D) 

This formula may be illustrated by the following example: 


= AX 


From the first line of Table 2:0 = 100(755.0 — 21.6) 1937.1 = 

37.86; .4 = 100 - 86.55 = 13.45; F = 100 X 755.0 -s- 2197.7 = 34.35; 
D = 100(1147.1 - 239.0) 1937.1 = 46.88; and 


E = 


37.86 X 13.46 
34.35(100 - 37.86 - 46.88) 


509.22 

524.18 


0.0286 


If the results are to be useful to others, standard practice must be 
followed in determining the limiting size of difllcult grain, or this size 
must always be noted when the data are recorded. Opinions differ as 
to what the limiting size should be. Fine screening is more difficult 
and, therefore, generally considered less efficient than coarse sizing for 
many reasons. Not only must a much larger number of particles per ton 
of undersize be induced to pass the screen apertures, but as the difference 
in diameters of the largest and smallest grains is relatively small there 
must be, relatively, a larger proportion of grains the diameter of which 
closely approaches the screen aperture. The latter means a greater ten> 
dency for the screen to blind and a larger percentage of difficult grains. 
If only the difficult grains are considered, it will probably be found that 
the efficiency of a fine screen will more nearly equal that of a coarse 
screen operating on similarly shaped pieces. 

The following example illustrates how the efficiencies calculated by 
the three methods compare in practice. The most convenient screen to 
test was a Tyler Ko>tap E^iaker. The results are given in Table 2. The 
scheme of operation was as follows. About 2200 gm. of trap rock, under- 
ffize of a 5.560-mm. neve, was placed in a full depth 4.699-mm. sieve, the 
screen to be tested, and which is here called "the screen.” The rock 
was added carefully after mixing, and the part that passed the screen 
while it was being filled was returned. The 4.699-mm. screen was then 
placed over a 3.327-mm. sieve and a pan and put in the shakrng 
mechanism. The shaker was run for 2 sec., then the 4.699-mm. screen 
was carefully set aside and the machine was run long enough to divide 
the undersize into -t-3.327-mm. and —3.327-mm. products. The 
weights of these products are recorded in line one of Table 2. The4-mm. 
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screen and contents were then returned, another 2-sec. run made, the 
undersize being treated as before. This series of operations was per- 
formed fourteen times in all, the running times of the machine being 2 
sec., 2 sec., 4 sec., 8 sec., 16 sec., 32 sec., 1 min ., 2 min., 4 min., 8 min., 
16 min., 32 min., 64 min., [and 128 min,, respectively. Thus each 
run, after the first, was approximately equal in time to the sum of all 
the preceding ones. At the end of the last period, when the sample 
had been in the machine over 4 hr., it was considered completely 
screened and the material still on the 4.699-mm. screen was taken as 
true oversize. 

Table 2. — Material Passing 4.699-m7n. Screen or Held as Oversize on 
Screen at the End of Interval Shown, and Efficiency of Screening at 
that Point, Calculated by Various Methods 


Total Time 
Run 


2 see 

4 seo 

8 sec 

16 seo 

82 seo 

1 min 

2 

4 min.. • . . . 
8 min. . . . . . 

16 xoin 

32 ITIITI ...... 

64 

128 min 

256 min 


Undetsise 


Percentage E£5> 
dency Based on 


Per Cent. Efficiency 
Gained per Second Based 
on« 
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,l|2197, 

,l;2197, 

2|2197. 

712197 , 

6'2197, 

4|2197, 

,2,2197. 

2j2197, 

,112197. 

22197. 

,7j2197. 

, 212197 , 

.0I2197. 

.6I2197. 


f 

7* 2. 
6t 5. 
2 , 11 . 
7' 26. 
s! 64. 
2| 80. 
82 . 2 ; 95.01 87. 
2| 90. 


7 11.9 18. 
7 23.1 26. 
7'87.4: 43. 
7156 . 9 ; 65 
7174.2 85 
7 79.sl 92, 


83.2] 

84.1 

84.7 

85.2 

85.8 

86.2 

86.5 


99. 

100 


91 94. 
4| 96 
It 97 
6| 99 
0,100 


I 

9 

s 

5; 

3 

:^! 

. 9 } 84. 7| 
,6j 87.9 
,0 90.8 
.8! 94.7 
,0| 97.6 
olioo.o 


15.3.6. 
17.5 6. 
21.54, 

31.2 2. 

52.2 2. 
66.5I0. 

76.6.0. 

80.3.0. 

r 

!o. 

0. 

10. 

0, 

io, 


9 
5 
1 
8 
5 
20 
046 

010 
0041 
0014 
00058 
00036 
00013 
000051 


4 

4 

5 

9 
4 
49 
12 
025 

010 


6 

1 

0 

1 

3 

45 

15 


018 
0035 !0.0068 
0014 !0.0030 
00003;0.0015 
00076 
00032 




0003210 

000130 


« Calculated by adding nndersise made in each mn to ovexsise to give oveisite of preceding run; 
only last oversize was weiid^ed. 

* Taken in this oalonlation as the grains of undersize that stay on a 3.327- xmn. deve. 

• The corresponding increase in efflcienoy divided by the time, in seconds. 


In Table 2, the first line is based on the data obtained at the end 
of the first 2-sec. period. The figures in the other lines are obtained by 
adding the new undersize made in each successiYe run to that in the pre- 
ceding line. A study of the table and the curves in Figs. 2 and 3 shows: 

1. All material finer 3.327 mm. was pfissed as undersize in the 
first minute and 91 per cent, of it ia the first 16 sec. Data from a siinilar 
test showed that the through 0.833-;mm. trap was almost completely 
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removed in 16 sec., the through 1.651-mm. in 32 sec., and the through 
3.327-mm. in 1 min., as above. 

2. The efficiency calculated by the oversize formula is, of necessity, 
distorted in the lower range because the curve has no zero point. This 
distortion persists in the 32-sec. point, beyond which the three curves are 
substantial!}" parallel. 



Duration of Scre«iing,s«onifc 


PiQ. 2. 

3. Except in the very low efficiencies, the curve from the difficult 
grains is intermediate between the other two. If the 32-Bec. point on the 
oversize efficiency curve were connected with the zero point, instead of the 
13.S per cent, line, it would roughly coincide in its lower part with 
the difficult-grain curve. 

4. At the beginning of the test, the ore was unstratffied and, up to 
the point where stratification was completed, the only variable in the 
screening was the time. Stratification required about 32 seconds. 
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5. During the stratification period, it would be expected that the rate 
of passage of undersize, and therefore the rate of increase in efficiency, 
would vary directly as the time. This is markedly’ true in the case of the 
difficult-grain efficiencies, the rate of increase of efficiency per second 
during the first five intervals being 1.4, 1.4, 1.5, 1.9 and 2.4 per cent., 
respectively, thus making the time-efficienc}" curve substantially a straight 
line. It is not true of the other methods, as shown by the last three 
columns of Table 2. 



Fig. 3. — ^Plotted logaeithmically, 

6. The easy and rapid removal of the fine material causes the effi- 
ciency by the imdersize method to be higher per second, especially before 
stratification has been completed. 

7. The +3.327-mm. grains are slow in working down through the 
oversize, hence the increase in efficiency gained per second in the 16- 
and 32-sec. periods, 

8. It required 21 sec. to attain a 50 per cent, efficiency by the difficult 
grain method as against 10^ and 30 sec. for the undersize and oversize 
methods, respectively. For a 90 per cent, efficiency, the figures were 4 
min., 50 sec., and 28 min., respectively. 

9. Abandoning the oversize method as hopeless, it is seen that the 
fines obscure and swell the efficiencies based on the total undersize. 
If no — 3.327-mm. material had been present, the imdersize efficiencies 
would exactly correspond with those calculated from the difficult grains. 
If a larger proportion of fines had been present, the early efficiencies 
by the undersize formula would have been larger and less consistent, 
than in the example considered. 

The writer believes that efficiencies based on the formula 

__ 100 X weight of difficult grains in undersize 
Mi per cent. — weight of difficult grains^in feed 
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will SO closely measure the efficiency of a screen installation that the desira- 
bility of changes can be accurately determined in advance, both from work at 
the plant and experience with the screen elsewhere. The interval between 
successive testing screens in the Tyler series should be adopted as a basis for 
determining the limitin g size of difficult grain. Then the coarser of the two 
sieves used in the measurement will be clothed with the same material 
as the mill screen being tested and the finer sieve will be that Tyler screen 
having an aperture most nearly a whole interval smaller. If this practice 
were followed, every mill screen, regardless of its aperture, would have a 
definite standard range of difficult grain that would never be more than 
one and one-half and never less than one-half the Tyler interval. The 
smaller the size range accepted for the difficult grains, the more marked 
will be the variation of the’efficiencies obtained by this method from those 
based on total imdersize. If the lower limit is taken as zero, the 
efficiencies will be identical with those figured by the usual method. 


DISCUSSION 

Robebt C. Canbt, Wallingford, Conn. — On p. 632, the author speaks 
of the importance of using a testing sieve clothed with the same material 
as the screen being studied; does he regard this as essential? In practice, 
how does the screen efficiency calculated by the difficult-grain method 
compare with those computed by the usual undersize method? Is it 
possible by the author’s method, to obtain a measure of efficiency that 
can safely be compared with that of another screen siziz^ a different ore? 

Robert K Warner. — ^The use of a testing sieve clothed like the mill 
screen being studied is desirable but not essential for routine work about 
a mill where the character of the feed varies little, as r^ards the shape of 
the grains and the sizing t^t. Close agreement in size of aperture 
between the rieve and the screen is, however, important if the data 
obtained are to be valuable to others working on a different feed. If the 
testing sieve is coarser than the mill screen, the efficiency wfil appear 
unfairly low; whereas if it is too fine one mi^t get efficiencies greater 
than 100 per cent, because of the apparent overaze in the rmdersize. In 
either of these cases the usefulness of the difficult-grain method of 
calculation would be reduced. As screens wear, the undersize grows 
appreciably coarser so that it is desirable to test screens only when the 
doth is new or else to provide testing sieves that are worn about the 
same amount. The futility of making effieien <7 observations on a 
distorted or broken screen surface is obvious. 

The effect of the application of this method of calculation will be to 
lower the apparent effidendes, the variation from the undersize method 
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being less marked v^dth those ores the undersize of which is relatively coarse. 
I do not consider this an objection; an efficiency of 80 per cent, that means 
something is better than one of 92 per cent, based on false premises. 

The test in the latter part of the paper was repeated on each of two 
samples of trap rock. The percentage of true undersize was 14.3 and 12.6, 
respectively, as compared with 13.5 per cent, in the sample studied in 
the paper. The proportion of difficult grains, however, varied greatly, 
67.4 and 5.51 per cent, of the feed being difficult, as compared with 34.4 
in the first sample. The results of these tests w'ere to confirm the fore- 
going statement. 

The method described should prove an accurate guide to the adjust- 
ment of screens in a plant or to the results of competitive tests of different 
screens working on the same feed. If different ores are to be compared, 
some standard measure of the screening difficulty of each would 
be desirable. 

Before we can safely talk about screen efficiencies or relative screen 
efficiencies, we must determine what a 100 per cent, efficient screen is. 
The definition that a screen is 100 per cent, efficient when it removes 100 
per cent, of the difficult grains from the oversize may be well enough in 
theory but it is difficult or impossible to measure perfectly in practice. 
Probably the best solution is to choose arbitrarily a standard with which 
to compare each screen being tested; this standard might well be deter- 
mined by the Milling Committee, 1 would suggest that a standard weight 
of feed, say 50 gm., times the screen aperture, in millimeters, be screened 
for a standard time, say 15 min., on one of the mechanical sieving 
machines and that the weight of difficult grains obtained in this test be 
used to calculate the percentage present in the feed. A weight based on 
the screen aperture is proposed so that the ratio between the number of 
grains in the sample and the number of apertures in the screen would be 
approximately equal and, therefore, each difficult grain would have about 
the same chance to get into the und^isize. Any mill screen that removed 
as laige a proportion of difficult grains as the testing sieve would then be 
considered 100 per cent, efficient, etc. The need for such a standard 
would vanish if we were sizing spheres. The shape of grains is nearly as 
important as the length of the intermediate diameter in determining the 
difficulty of screening. 

W. 0. Borchbbdt, Austinville, Va. (written discussion). — ^Unless the 
same ore is used in each case, there is no such thing as the '^efficiency'' of 
a screening machine. The term is a misnomer and should be replaced by 
such an expression as “coefficient of effectiveness” or “index of perform- 
ance.” The author well .says, “the character of the feed often has a 
greater effect on the quality of the products than do the operating 
conditions and the type of screen.” 

VOL. MDC. — 11 
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The author suggests that effectiveness of a screen should be estimated 
from its performance on what he well names the “difficult grains.” This 
suggestion, while undoubtedly of value if used in connection with tests of 
the same or different screening machines on the same ore, does not pro- 
vide that absolute means of comparison which would be essential to make 
possible the comparison of machines treating different ores. 

The reason for this shortcoming is that he defines “difficult grains” 
as those the intermediate diameter of which approaches the width of 
the siareening apertiire. He does not consider the many other factors 
that contribute to the difficulty of causing certain grains to pass an aper- 
ture through which, theoretically, they should be capable of passing. 
The shape of the grains is, perhaps, the most important of these. 
Unfortimately for our ore-dressing practice, mineral grains are not 
{dwa3rs cubical, many grains are in the form of needles or flakes, having 
one or two dimensions much greater than the third. Such grains are 
much more difficult on certain types of screening machines than 
on others. 

Another factor affecting the difficult grains is specific gravity. Most 
of the mixtures of particles that we are called upon to screen consist 
of several minerals of different specific gravities. Often the difficulty 
is enhanced because certain minerals tend to submit to or resist breaking 
more than others with which they are associated, or assume particularly 
difficult shapes upon bre^ng. These factors are often so marked as to 
cause partial concentration in screening, with, of course, a consequent 
distortion of the results of screen tests as compared with those made on 
more r^ular and homogeneous materials. 

Sven were it possible, therefore, to secmre agreement on the relative 
size of aperture that should be used to d^ne the difficult grains, the 
variability of the other factors would preclude the satisfactory compari- 
son of the results secured with different screening machines on differ- 
mit ores. 

The author siys that I “advocated the use of a factor obtained by 
dividing the wei^t of the true oversize in the feed by the wei^t of the 
actual oversize made by the screen and believes that the tnathematical 
average of this factor and the effectivene^ calculated from the 'under- 
size, as above, is the closest practical measure of screen efficiency.” 
This somewhat misstates my position, because it omits the condition 
which 1 imposed. What I said was: The legitimate field for the deter- 
mination of screen efficiency is limited to the comparison of a given 
machine at different times -with the same rate and quality of feed; 
and, if this is granted, the oversize method plotted as curve B, in Fig. 1, 
becomes the most convmiient method of securing a comparative figure, 
because it requires the taking of but one sample the oversize of the mill 
screen. This sample is screened upon a hand screen clothed with the 
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same screening medium as that on the mill screen, and the coefficient of 
effectiveness may be stated as follows: 

C = Oversize of hand screen 
* Sample weight 

I also stated that as the efficiency determined by the undersize 
method gives deceptive figures when the feed is low in undersize, while 
the efficiency determined by the oversize method gives deceptive 
figures when the feed is high in undersize, a mean value of the two 
figures might be preferable to either alone. As a matter of fact, the 
premise in lines a, g, and r of Table 1 is rather estreme, because it 
assumes that the screen removes no undersize whatever; this assumption 
results in the absurdity that the machine, by the oversize method, shows 
a certain efficiency without doing anything. If we take the mean of the 
efficiency figures of the two columns of Table I we secure the follow- 
ing figiires. 


SCBBBN 


a 45.00 

b 55.90 

c 66.85 

d 77.90 

e 88.90 

f 100.00 

g 5.00 

h 11.10 

i 17.35 
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i 23.80 

k 30.55 

1 37.75 

m 45.85 

n 55.55 

o 69.45 

p 80.60 

q 100.00 

r 22.50 


s 28.65 

t 34.10 

XI 46.30 

V 59.40 

w 73.85 

X 81.80 

y 90.45 

z 100.00 


If these values are plotted in Fig. 1 for the corresponding ores, they 
win give curves lying intermediate between the undersize and oversize 
“efficiency” curves in each case, and as the author says, “3. Ebccept 
in the very low efficiencies, the curve from the difficult grains is inter- 
mediate between the other two.” That this is true, at least in the 
example given in Table 2, is shown by comparing the means of his 
efficiencies based on imdersize (F«) and average (Eo) with the efficiencies 
based upon difficult grains (F.). 
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85.30 
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Another factor, not discussed by the author, that would affect the 
results obtainable by his method of estimating efficienoy of screening 
on the basis of the difficult grains, is the relative quantily of grains a 
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little larger than his screen aperture, and a little smaller than his limiting 
size for defining the difficult grains. As I have pointed out elsewhere, 
the direct cumulative plot of a screen analysis of an ore rarely gives a 
straight line; the curves generally show marked, often for a given ore, 
characteristic “bunching.” Some ores give convex, some concave, and 
some reverse curves, while two with which I am familiar almost always 
show a decided cusp, which seems to represent the point at which the 
crystals of the major mineral are free. 

I am afraid that all this does not get us very far, although the object 
sought is worthwhile. Perhaps we may be driven to standardizing the 
efficiency tests of screens with some uniform and readily procurable 
sand, much as Ottawa sand has been adopted as the standard with which 
to mix cement in making mortars and testing machine briquets, but, even 
if we did, we would learn little or nothing about the performance to be 
expected of the machine in working upon ores. Consider, for example, 
the futility of testing a screening machine with a granular standard sand 
and trying to figure from that what it would do on an ore consisting of a 
mixture of pyrrhotite, quartz, and mica. 

V. E. FLANAGAif,* Fort Wayne, Ind. (written discussion). — ^In this 
paper, consideration is given the fact that a screen set on an angle 
normally shows a lower apparent efficiency. In most operations this is 
taken care of by the use of Ton-Cap or Eec-Tai^ screen cloth. No 
mention is made, however, of the fact that in a rapidly vibrating screen, 
such as the Hum-Mer or the Leahy No-Blind, the effective diameter of 
the wires in the screen cloth is greater than the actual diameter. This 
fact is apparent when one observes the operation of one of these screens 
without load. 

To obtain an undersize product of a certain mesh, a screen cloth with 
a larger clear opening is employed; with vibrating screens of proper design 
an undersize product is obtained that contains no particles larger than 
the desired mesh, even though the actual opening of the screen cloth is 
somewhat larger. 

If the formula proposed in this paper were accepted, a vibrating screen 
equipped with a lO-meeh screen cloth that might , be producing a very accept- 
able 12-mefffi product would be rated at a much lower efficiency than a 
horizontal shaker screen equipped with a 12-me8h screen cloth and produc- 
ing the same quantity of undersize, treating the same feed. It does not 
seem fair to consider a universal effimency formula that would show one 
screen to a disadvantage!, eventhou^ it were doing equal, or better, work. 

In the Pennsylvania anthracite r^ion, the standards for the various 
sizes are based on round holes in punch^ plate. I believe there is a 
place for the vibrating screen in the preparation of the finer sizes of 

* General Manager The Duster Concentrator Co. 
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anthracite. IMuch experimenting will have to be done to adapt the vibrat- 
ing screen to this work in order to determine the proper slopes and the 
proper mesh of screen cloth for the vibrating screen to produce products 
that will correspond to the present standard. 

From an operating point of yie^\% screening is an operation to remove 
particles smaller than a certain size. These particles are known as 
“undersize” and if all the undersize in the feed is removed b}’' screening 
100 per cent, efldciency has been achieved. Several factors affect this 
operation. Among these are the size at which screening is desired, the 
moisture content of the feed, and the presence of difficult grains. The 
most important factor, w’hen considering the results to be obtained in 
screening an ore, is the character of the ore; the presence of difficult 
grains is entirely dependent on the character of the ore considered. 

In every grinding, crushing, concentrating, or other milling problem, 
a certain result can be accomplished, and if accomplished, a maximum 
efficiency is obtained. In every case, the most efficient result is entirely 
dependent on the character of the ore. It is, therefore, hard to imagine 
a universal formula for any of these operations, the expression of which in 
percentages would give a fair comparison between similar operations on 
different materials. A 75 per cent, efficiency for an operation in a certain 
mill may represent results equally as good as an efficiency of 85 per cent, 
for the same operation in another mill treating different material. 

In an early paragraph in the paper, reference is made to an under- 
loaded vibrating screen giving practically perfect “efficiency,” calculated 
by the usual method on an ore. It has been my experience that a vibrat- 
ing screen does not give as high an efficiency when underloaded as it does 
when fully loaded and fed with a uniform feed. 

A consideration that ordinarily is not given enough attention when 
considering a screen is the degradation in the material handled that results 
from the use of certain types of screening equipment. I have samples of 
ore passed through a certain size mesh by two screening methods. We 
will assume that each of these samples had been crushed and eventually 
screened through a 10-mesh screen. In this particular case, the zinc con- 
tent of the original ore was 17 per cent. One sample of — 10-mesh mate- 
rial analyzed, we will say, 16.5 per cent, zinc while the second sample 
of — 10-mesh material analyzed only 12 per cent. zinc. The particles 
that make up the second sample have the appearance of river sand, as 
they were rolled in the screening process, and a part of the zinc, being 
softer than the gangue, passed on as slimes. The first sample has very 
distinct sharp comers; and while it was screened to pass the same mesh as 
the second sample, very little d^adation took place in the screening 
process. This matter of degradation in various screening methods would 
warrant research, and the results from such research would be valuable 
to the mining industry. 



046 


EFFICIEirCT OF SCREENIXG 


Robert K. ‘VTarxer ^'author’s reply to discussion). — In replying to 
the discussion, let me first disclaim anj' intention of proposing to make 
screening an exact science. If by any means we are able to measure 
accurately the efficiency of a screen or the most efficient waj' of operating 
a screen for a given service, we have only partly solved the problem; 
the final choice depends on a compromise between the efficiency and the 
capacity per dollar of capital and operating cost. 

If we follow Mr. Borcherdt, and limit the consideration of efficiency to 
the study of a “given machine, at different times with the same rate and 
quality of feed,” the measurement would be valueless because the varia- 
tion would only show lack of uniformity in taking and testing the samples. 
Since, as Mr. Borcherdt himself agrees, efficiencies based either on the 
oversize or the undersize are deceptive when the proportion of oversize 
or imdersize respectively is large, why hope to improve matters by 
averaging? My contention is that the real measure of the ability of a 
screen is the completeness with which it places the difficult grains where 
they belong. If we can determine the input of these grains as feed and 
the output as undersize, we have a measure of the quality of the operation, 
whether it is called efficiency or by some other name. 

Mr. Flanagan’s protest against using sieves clothed like the screens, 
in comparing vibrating and shaking screens making the same sized under- 
size, is a just one. Taking the condition he mentions, let it be assumed 
that the object of the sizing is to make a 12-mesh product, or to leave a 
minimum amoimt of 12-mesh noateiial in the oversize. The upper 
limit of the difficult grains would then be the aperture of a 12-medi sieve 
for both screens, if material coarser than 12-mesh was objectionable in 
the undersize, it would be necessary to take a sample of the undersize and 
either ne^ect this too coarse material or penalize the screen if any was 
found. As will be seen from my answer to Mr. Canby’s third question, 
I believe that an empirical standard of the difficulty of screening a given 
feed can be set up and that this, by permitting a commercially accurate 
comparison, would avoid the difficulty mentioned by Mr. Flanagan. 
In using the term “underloaded vibrating screen” on p. 632, I meant 
one that was operated so as to give the maximum quality in the products 
even at a sacrifice of capacity. 
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Surface Reactions in Flotation 

By a. W. FAHBiiKWALD, E. M., Met. E.,* Moscow, Idaeo 

(New York Meeting. Febmaiy, 1924) 

SURFACE REACTIONS WITH SPECIAL REFERENCE TO THE AIR- 

LIQUID INTERFACE 

The physics and chemistty of the flotation process are not well 
understood. Many papers dealing with the theory of flotation have 
been published but most have been narrow in their viewpoint. No 
theory advanced has done more than explain, more or less satisfactorily, 
various isolated phenomena. Scientists have done little with the problem, 
doubtless because they have not seen sufficient of the practical side of the 
subject to have their interest aroused. Any attempt to explain the 
mechanism of flotation that considers only contact angles, surface ten- 
sion, adsorption, the floating of needles, flocculation, or any other single 
and narrow phase of the question is sure to be disappointing. Flotation 
is a problem of colloid chemistry and must be studied as such. 

In a broad general way, flotation is a process involving and operating 
by virtue of surface reactions. The term ‘'surface reactions” may be 
open to criticisms. Many (ffiemists give the term “reactions” a definite 
and restricted meaning and to such the term may connote change in 
atomic grouping in strict stoichiometric ratios. While Langmuir looks 
upon adsorption as a reaction, and there is much evidence in support of 
this view, we may look on adsorption as a physcial process as far as this 
paper is concerned. The term seems well suited to the work in general. 
Presumably these reactions are reactions between the same kinds of 
forces (electrical) and differ only in degree and in the surface manifesta- 
tions produced. This premise seems logical if we accept the theory that 
the atoms of all elements are made up of grains of deotricity, having mass 
and charge, called electrons; and that atoms differ from one another only 
in the number and arrangement of the dectrons about a positive nuclear 


* Ore-diessiag F^igineer, U. S. Bureau of Mines, in ooSperation with Idaho Bureau 
of Mines and Geology, and UniTeiaity of Idaho. 
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charge. Certainly, if the surface reactions are not directly between 
atoms or electrons, the energy possessed by these ultimate particles is the 
seat of, at least, many of the phenomena in flotation. In any serious 
study of the theory of flotation, the modern theories of the structure of 
matter must be reckoned with. 

Frequently, in this paper, substances will be spoken of as polar and 
non-polar, G. X. Lewis^ would classify substances as polar and non- 
polar, rather than inorganic and organic. A non-polar molecule is one in 
which the electrons belon^g to the individual atom are held by such 
restraints that they do not move far from their normal positions; while in 
the polar molecules the electrons, being more mobile, so move as to 
separate the molecule into positive and negative parts. In an extremely 
polar molecule, such as sodium chloride, it is considered probable that 
in most of the molecules the chlorine atom has acquired a unit negative 
charge and therefore the sodium atom has a unit positive charge. The 
process of ionization is thought to consist only in a further separation of 
these charged parts. According to Latimer and Rodebush,* aU the inter- 
medial stages between polar and non-polar compounds doubtless occur, 
depending on the extent to which the neutrality of the molecule is dis- 
turbed, as the electron is more or less completely displaced from one 
atom to the other. 

Non-polar substances do not react with water to any appreciable 
extent. Flotation oils are both polar and non-polar; i.e,, the molecules 
are composed of non-polar groups, such as the methyl, CHs, group, 
united with polar groups, such as the hydroxyl, OH, group, in the alcohols 
and the carboxyl, COOH, group in the fatty acids. The spreading of 
such a substance is due to the polar, or soluble, group in the molecules. 

The importance of the newer ideas as to the ^pes and structure of 
molecules can scarcely be overestimated. Such phenomena as surface 
tension, contact potential, and emulsiflcation have taken on a new 
significanoe in the %ht of the recent theories of atomic and molecular 
structure. In this paper, and others to follow, the effort is made to 
thrach out the matter of surface reactions and the part played by them 
in flotation. 


Subface Teksiox of Liquids 

Langmuir* has shown that the surface tension of a liquid is not a prop- 
aty of the molecule as a whole or of the group molecules, but depends 


* JnL Am. Chem. Soe. (1916) 38, 762. 

*JvL Am. Chem. Soc. (1920) 48, 1419. 

*7he OonstitotioD and Fundan^tal Properties of Solids and liquids. Jvl. 
.m. Chem. Soc. asi^ 39, 1849; also Chem. Met. Bng. (1916) 16, 468. 
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only on the least active portions of the molecules and on the manner in 
which they are able to arrange themselves in the surface latter. The 
idea is best brought out by quoting from Langinuir''s paper; ‘''According 
to this theory, the group molecules of organic liquids arrange themselves 
in the surface layer in such a way that their active portions are drawn 
inward, leaving the least active portion of the molecule to form the sur- 
face layer. By 'active portion’ of a molecule is meant a portion which 
is characterized by a strong stray field (residual valence). Chemical 
action may be assumed to be due to the presence of electromagnetic 
fields surrounding atoms. Surface tension (or surface energjO is thus a 
measure of the potential energy of the electromagnetic stray field which 
extends out from the surface layer of atoms. The molecules in the 
surface layer of the liquid arrange themselves so that this stray field is a 
minimum.” A similar theory was developed independentlj^ by Harkins.** 
Langmuir has calculated the dimensions of molecules of a number of 
substances of interest in flotation. His figures, given in Table 1, help 
us to gain a conception of the size and shape of the things with which 
we are working. 


TabIiB 1. — Size of Molecules 


Substance 

CroflB Section, 

Fcmnula Souare r» 

Palmitic acid 

Stearic acid 

Cerotie acid 

Tristearin acid 

Oleic acid 

Triolein 

C»HuCX)OH 

CitHwCOOH 

CibHsiCOOH 

(Ci8H880s)sC8H5 

CitHwCOOH 

(CisHssOOtOsHt 

CigHssOsCsHi 

Ci#H jiCOOCi eH j j 

OioHeiOH 

21X10-1® 24.0X10~» 

22Xl(r« 26.0X10“» 

25X10-« 31.0X10-® 

66XlO-« ; 25.0X10-* 

46 X 10-« : 11.2 X 10-» 
126 X 10-« . 13.0 X 10-« 
120 X 10-« 1 13.6 X 10-* 
23 X 10-« , 41.0 X 10-* 
27X10-“ 41.0X10-* 

Tridoiden 

Cetyl pabxutate 

Myricyl alcohol 


Methods Used in Mbasttbing Sttbfacb Tensions 

A film method^ of measurii^ l^e surface tension was used in this 
investigation. The drop-weight and the Jaeger capillary-bubble methods 


* Jra. Am. Chem. Soo. (1917) 89, 641. 

•A. W. Fahrenwidd: The Him Method of Measuiing Surface and Interfacial 
Tension. JnL Am. Optical Soo. and Hey. of Soi. Instruments (Sept., 1922). A. W. 
Fahrenwald: Surface Energy and Adsorption in Flotation. JSfin. & Sc. Pr. 
(1921) 128, 227. 
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were al<o useil to che<‘k certain points, but not in the regular work as 
they are not well adapted to the study of surface tension as influenced 
by time. The film method. u.«ing the automatic gravity balance, is easily 
sensitive to 0.1 dyne and measurements on a surface that has an invari- 
able ten.sion are reproducible to within approximately 0.5 per cent. 



Since this work was done, Taggart and Gaudin® have published the 
results of a research on certain phases of the theory of flotation closely 
related to the ones reported here and performed with the Fahrenwald 
type of surface-tension measuring apparatus. Frequent reference to 
their work will he made. The latest set-up for making measurements 
with this instrument is shown in Fig. 1. The improvements over the 
instrument shown and described in the foregoing references sure: 

1. The scale and swinging member, or balance, sire a unit and are 
not coxmected, in any way, to the mechanism for rsusing sind lowering 
the dish containing the liquid imder investigation; this prevents jarring 
and harmful vibration of the baknce. 


* Surface Tensioa and AdaoxptkHi Phenomena in Flotation. Trans. (1923) 68, 
479. 
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2. A mirror is attached to the scale, or dial, back of the pointer; by 
lining up the pointer with its image in the mirror, the observer can make 
readings when his eye is normal to the scale. This has proved to be an 
important refinement. 

3. An aluminum subpointer about in- swinging in a loop on 
the end of the main aluminum pointer, hangs vertically at all positions of 
the main pointer. Its lower end is flat- 
tened to nearly a knife edge, which gives 
it a mere hair-line appearance against the 
graduated scale, which is ordinary cross- 
section paper of millimeter squares. 

4. The mechanism for raising and 
lowering the dish, to contain the liquid 
to be tested, is shown in Fig. 2. It is 
easily constructed and is a most flexible 


Fia. 2 . — Mechanibsi fob baibibq and Fig. 3. — FtranosL set-up fob contbac- 

lASWEBIXa SURFACE-TENSION I>IBH. TION AND EXPANSION EXPEBDfENTB. 

device in all kinds of experiments. The table on which the dish 
rests is raised or lowered by eith^ thumb wheel; in certain measure- 
ments both wheels are used. The device is particularly convenient in 
that ring stands, etc., can be set upon the table and horizontal shifting of 
the dish is avoided. 

5. When measiuements on covered surfaces are desired or when it is 
desired to determine the effect of compression and expansion on the value 
of surface tension, the funnel set-up shown in Fig. 3 is convenient. There 
are other apparatus that may be used for this purpose. 

The bases of the funnds are ground to give a perfect fit when put 
together as shown. Funnel B serves as a reservoir for the liquid to be 
tested. The principal features of this set-up are: (1) The tension in a 
relatively fresh or a continuously expanding surface may be measured. 
The procedure is as follows: Baise funnel B sufficiently above funnel A 
so that when the valve C is opened funnel B will drain completely into 
funnel A. Regulate by means of the valve C so that the liquid level in 
funnel A will rise at a convenient rate. Funnel A should then be raised 
until the liquid surface engages the film-forming frame F, then lowered 
to form the film. (2) The inverted funnel D prevents contamination of 
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the liquid surface aud ijo^ides an atmosphere above the surface that is 
saturated with the vapor of tLc liquid. '’R'hen volatile substances are being 
worked with, evaporation is reduced to a minimum. (3'‘ The effect of 
compression on the surface tension of a liquid surface may be conveniently 
investigated a? follows: All of the liquid should be allowed to flow 
rapidly from funnel B into funnel A and the tension of the fresh surface 
measured. Funnel B should now be dropped considerably below funnel 
A and the valve f carefully opened to effect a lowering of the liqtiid sur- 
face in the funnel. By this procedure, a surface may be shrunk from 100 
per cent, into an area of 5 per cent. This method offers less chance 
of surface contamination, through manipulation and other sources, 
than the open-trough method used by Devaux and Langmuir, and which 
is also used in some of the foUo^ving experiments. When carrying out an 
e.xperiment, the inside of funnel A should be coated with parafiin wax, 
otWrwise the surface film will not be compressed as the liquid level 
drops, for a film of the liquid remains on the side of the funnel on which 
the contaminant spreads. 

The Wateb-aib Intebpacb 

The most generally accepted value for the stuface tension of pure 
water is 72.8 dynes per cm. at 20“ C., which was determined by Harkins 
and Brown.’ Practically the same value has been obtained by the 
author* using the film method. This constant has been determined by 
hundreds of other experimenters, and all known methods have been used; 
many of the best determinations are very close to the value given above, 
but many place it between this value and 81 dynes per cm. at the same 
temperatures. 

A large number of factors may affect the surface tension of water, as 
will be evident as we analyze the subject. 

Effect of Gases on the Suefacb Tei^ion of Watbe 

It has been shown by Ferguson,* Bhatnagar’* and Biohards and Car- 
ver’’ that the surface tension of water is less when in contact with gases 
than when in contact with air or its own vapor. Their figures are 
tabulated in Table 2. 

Sichards and Carver found that with such substances as benzene, 
toluene, ether, etc., there was also a slight increase in surface tension 


^JnL Am. Chem. Soc. (1919) 41, 499. 

* Mia. &Se.Pr. (1921) 128, 227. 
*PhiL Mag. (1914) 28, id; 403. 

»• Jni Phy. Chm. (1921) 29, 716. 

Jvl. Am. Caioit. Soo. (1921) 48 , 827. 
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Table 2. — Efect of Gases on Surface Tension of Water 




Obsen-er 


Contact Surface 

Ferguson 
at ly’ C. 

Bhatna:rir 
at C. 

Richards and 
Car\'er 
at 20® C. 

Water-vacuum 


71 30 

72. S3 

72 75 

Water-hydrogen 


Water-nitrogen 


73 00 


Water-carbon monoxide 


73.00 


Water-carbon dioxide 

73.04 

72.85 


Water-air 

73. S3 

73 10 

to 


when air was removed. Bhatnagar’s figures show a slight increase in 
the tension in the same order as the densities of the gases, except for 
carbon dioxide, the solubility of which in water, it is thought, may be 
connected with this result. But the difference here is, in any case, so 
small as to have no material effect in flotation, though the differences 
and causes are not insignificant or negligible when the method of study- 
ing the theory of the process is based on surface-tension measurements. 

Bichards and Carver, using the capillary rise method, find only a 
alight difference, 0.02 dyne, in air and in vacuum, while Bhatnagar, using 
the sphere-segment method of Ferguson, records a difference of 1.8 dyne; 
the former observers find the surface tension greater in the absence of 
air while the latter finds the greater value in air. 

Ferguson, using Jaeger’s capillary-bubble method, found the surface 
tenrion of water to be 0.79 dyne greater in air than in an atmosphere of 
carbon dioxide, while Bhatnagar’s figures show a difference of only 0.25 
dyne. The results are noticeably contradictory although each observer 
took every possible precaution. 

StiBFACE Tension oe Water and the Teub Factor 

Ordinary laboratory distilled water is never entirely free from 
impurities. Bhatnagar found that a sample of laboratory distilled water 
redistilled throu^ a Liebig’s condenser contained noticeable amounts of 
silicates and ammonia, but he was able to get water free from volatile 
nitrog^ous organic compounds by redistilling water to which potassium 
permanganate and caustic soda had been added, and silicates could be 
avoided by using a tin condenser. It might also be pointed out that 
laboratory distilled water is never neutral, but ranges in pH* value from 

* pH has reference to the acidity and aUcalinity of the solution. A soluflon baring 
a pH value of 7 is neutral; a solution having a greater pH value is alka l in e, one with 
smaller pH value is acid. Ihe iugnifioanoe of pH is defined later. 
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5.5 to 0.0. Tap water at Moscow, Idaho, is more nearly neutral at 
all times. 

By using the film method, the tension in a water surface of practically 
any age greater than about 30 .sec. can be determined. The newest 
surface that can be measured is that of a continuously expanding surface, 
as cffccteil by using the funnel set-up shown; in this case, the age of the 
surface is much Ic.'nS than 30 sec. and the measurement closely approxi- 
mates the djmamic surface tension. 

A rather large number of experiments were made on water to deter- 
mine the relation, if any existed, of the age of the surface to the value of 
the surface tension. One series of tests is given in Table 3. In this 
scries, the plate was suspended in the liquid during the standing period 
and, in reality, a fresher surface was produced when the plate was with- 
drawn than if the dry plate had just touched the surface and the film 
formed, as was done in previous experiments which showed a drop in 
surface tension with time. 


Table 3. — Variation in Surface Tension of Distilled Wafer vsUh Age 


Container 

Axe of 
Sunaoe 

Surface Tension at 
, Obeervation 

Temx>erature 

! Surface 
Tension at 
20“ O. 

Pjrrex funnel 


72.3 at 25“ C. 

73.0 

Pyrex beaker 


72.2 at 25*0. 

72.9 

Petre dish 


72.2 at 25“ 0. 

72.9 

Paraffined beaker 

1 18hr. 

72.2 at 25“ C. 

72.9 

funnel 


78.0 at 19.6“ C. 

72.8 

ftrrex funnel 

I 24hr. 

1 

73.5 at 16.1“ C. j 

72.8 


While the results in Table 3 show no s^nificant change in the surface 
tension of laboratory distilled water, with age, occasional samples handled 
with the utmost care ^owed a drop of 1 or 2 dynes when they had stood 
over night. The samples of Table 3 were covered at all times; the only 
opening to the water surface was that in the stem of the upper funnel 
through which the thread, supporting the film-forming frame, passed. 
The measurements were then presumably made on surfaces in contact 
with an atmosphere saturated with water vapor. 

Then, as far as the film method is concerned, as it is sensitive to ± 0.1 
dyne, there is no change in the surface tension of water free from con- 
taminants, although a method sensitive to the second decimal place 
might show a drop. Later compression experiments on aged surfaces 
indicated the presence, in the water surface, of a smface-tension-lower- 
ing constituent. 
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The tension curve of the 24-hr. surface of Table 3 when compressed, 
by allowing the water to run slowly back into the reservoir funnel, 
pointed downward when the compressed surface was 25 per cent, of the 
original and went as low as 35 djues at the end of the compression. The 
tension in the compressed surface increases slowly if allowed to stand 
undisturbed, but does not go back to normal. If the surface is again 



expanded, the tension goes back to normal; also, if the compressed area 
is agitated, the tension goes back to normal. 

Using a shallow paraffined trough 3 in. wide by 16 in. long, which can 
be filled with water to Jfe ui- or more above the surface of the pan without 
overflowing, and a couple of paraffin blocks. Fig, 4, compression experi- 
ments were made on tap water with the results shown in Table 4. 


Table 4. — Effect of Compression on Surface Tension of Tap Water 

at 21.4® C. 


Age of Surf^, 
Minutes 

Area Sorfaoe, 
Square Inches 

Per Gent. Oripnal > 
Surface 

Surface Tension 

2 

48 


73.5 

4 

42 

87.5 

73.4 

6 

36 

1 75.0 

73.4 

8 

30 

1 62.5 

73.3 

10 

24 


73.2 

12 

18 

i 37,5 

73.2 

14 

12 

25.0 

66.0 

16 

6 

j 12,5 

f ! 

47.0 


That there is a dow surface concentration process of some substance in 
the water surface is clearly shown. This can be demonstrated nicely by 
compressing surfaces of increasing age, A freshly skimmed surface of 
ordinary distilled water that had stood in a carboy for several days showed 
no drop in tension when contracted into 1 cent, of the original surface. 
Smrfaoes 4, 6, 10, and 12 min. old b^an to drop in tension at compressions 
equal to 8, 4, 8, and 10 per cent, of the original surface. 
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Compression exporiinonts similar to the foregoing -were carried out in 
paraffined and unparaffined funnels, both covered and uncovered, with 
comparable result-. Duplicate experiments were made in a 5-in. porce- 
lain evaporating dt-h with the object of eliminating the question of con- 
tamination from the rubber tube connecting the reservoir and the 
paraffined funnel. The liquid surface was expanded and contracted by 
adding or withdrawing water by means of a pipette; this method gave 
similar reisults. 

Later tests on salt solutions showed an apparent concentration of 
hydro.xyl ion. OH, in the surface. The surfaces of several samples of 
water, both distilled and tap, were skimmed and the pH value of the 
skimming and of the residual water were determined by the colorimetric 
method. Several methods of obtaining a sample (about 20 c.c.) of sur- 
face water were used, but the one giving the most noticeable difference in 
color of skimmings over original solution, when the indicator was added, 
was to place about 200 c.c. of water in a large crystallization dish, then 
siphoning out all but enough for a test. The rate of siphoning should 
be slow, 30 to 40 drops per minute. The pH value of the distilled water 
used was between 5.7 and 6.2 and the skimmings from various samples 
went from a just faintly noticeable difference in intensity of color to as 
much as 0.6 pH. 

Doctor Eastman, of the chemistry department of the University of 
California, suggested that it may be a case of negative adsorption of 
carbonic acid, the carbonic acid being due to dissolved carbon dioxide 
from the air. To check up this point, samples of distilled water were 
boiled, to expel all dissolved gases, and cooled out of contact with air. 
Skimming tests were made on these samples as soon as they were cool. 
No noticeable difference in pH value of skimmings and residual water 
could be detected by the use of brom-cresol-purple indicator. The same 
sample of water standing in an Erlenmeyer flask for a couple of hours, 
subjected to the skimming test, showed a noticeable increase in alkalinity 
over that of the volume of the water. Distilled water saturated with 
carbon dioxide had a pH value of approximately 4.5; the alrirnTningH from 
this solution were approximately 5.4 pH. While both are acid, the 
surface water is considerably less acid than the interior water. These 
experiments point pretty clearly to COx as the disturbing factor. An 
attempt was made to check the results by the use of the hydrogen elec- 
trode, but it was impossible to obtain steady and imchanging electro- 
motive forces. The electromotive force woidd quite quickly reach an 
indefinite maximum and then slowly drop with time as the hydrogen 
bubbles passed through the solution under examination. The reason 
for the failure of the hydrogen electrode to work satisfactorily on these 
solutions was not found as time for further experiments was not 
available. 



A.. W. FAHSESTVALD 


667 


The difference in the pH value of the surface water and the interior 
water of the same sample is. as far as the writer knowSj a new observation 
and apparently one of some significance. It is quite possible that there 
is some relation between the obsenred difference in acidity in the surface 
layers and the interior portions of water and the tendency of the surface 
tension of such solutions to drop with age. 

N. K. Adam“ states that “Perfectly clean water surfaces were not 
obtained: on the cleanest the float would move away from the barrier 
at 0.5 cm., with a weight in the balance pan of 0.05 gm. . . A clean 
atmosphere is essential for these experiments.” He was making experi- 
ments on water preliminary to compression experiments on palmitic- 
acid films on water, using a method similar to that used by Langmuir. 
Another interesting point recorded by him is the difference in the com- 
pression curves on a fresh and on an aged water surface, for which he 
is unable to account. It may be suggested that this difference is due to 
the difference in the pH value of old and fresh surfaces of water. 

Experiments show that for all intents and purposes the surface ten- 
sion of water does not vary with the age of the surface, if certain precau- 
tions are taken. Unusual care, however, must be taken to prevent surface 
contamination. Reliable results cannot be obtained if one works near 
chemical laboratories or in laboratories containing volatile contaminants 
such as oils. On warm days, vapors from the body of the experimenter 
are possible contaminants. By the film method, the plate should be 
immersed considerably below the surface film. 

SunFACB Tension of Flotation Oil-wateb Mixtubes 

The only organic substances that have been found of practical use in 
flotation are those that lower the surface tension of water. Distillation 
products of wood (hard and soft) and coal tor have held the field. It is 
highly important that something of the exact effect of these substances 
on the surface energy of water should be known. Mixtures of flotation 
oils and water will here be referred to as “emulsions,” disregarding for 
the time the question of the actual condition of the oil in the water. 

The first experiments on the surface tension of flotation oil-water 
emulsions and on the adsorption of the oils from water by minerals were 
made over three years ago. Principles of the metho<te used in the investi- 
gation, with some of the data obtained, have been published.” 

Before adsorption data of any degree of accuracy could be obtained, 
it was necessary to work out reliable methods of measuring the surface 
tenmon of the liquids on which adsorption tests were to be made. The 

"Hie PropertieB aad Molecfolar Strocture of Hiin Films of Palmitio Acid os 
Water. Pne. Bay. Soe., London (1921) 99A, I, 330. 

A Sc. Pr. (1021) 128, 227. 
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liquids included emulsions and true solutions. Verj* few data, if any, 
bearing directlj' on this subject have been published, with the exception 
of some work of Lord Raleigh, Freundlich, Milner, and a few others 
who have recognized the variability of surface tension of such liquids 
with time. 

The first attempts at measuring the surface tension, of both emulsions 
and true solutions, by the film method indicated several difficulties. 
For example, if 1 liter of an emulsion of a pine oU was made up by shaking 
the oil and water vigorously in a 2-liter acid bottle, it was impossible to 
take from this mixture, by moans of a pipette, two or more portions and 
obtain concordant values for their surface tensions. The difference was 
often as much as several dynes. All attempts to standardize a procedure 
for making up the emulsion and placing it in the dish for measurement 
failed to give satisfactory results. 

StTRPACE TeXSIOX OP ElTCLSIOXS AXD THE TiMB FaCTOB 

It was observed that usuallj* the tension dropped with the age of the 
surface and also that, with the higher concentrations (with this particu- 
lar pine oil, above 20 mg. in 100 c.e. of water) a film of the oil would 
slowly form on the surface of the emulsion. The formation of this 
surface film was, at first, thought to be the factor causing the irregular 
and inconsistent results, but visible surface films do not form in the case 
of very low concentrations; such films appear only when the concentra- 
tion of oil in water is relatively high. It was found that the factor giving 
the trouble in the low concentrations worked with was not the siuface 
film but the age of the surface, temperature and other conditions being 
constant. 

To investigate the question of the age of the surface of these emulsions 
and its effect on surface tension, the following experiments were made: 
An emulsion containing 10.1 mg. of a pine-tar oil in 100 c.c. of distilled 
watar was made up. A part of it was removed from the flask with a 
pipette and introduced into a shallow crystallization dish, such as is 
used in bacteriological laboratories. The dish was filled imtil the liquid 
came sli^tly above the rim and the surface, skimmed several times with 
a strip of paraffined paper. This treatment brought the surface tension 
up to 72 dynes. Without disturbing the surface any more than necessary, 
surface-tension measurements were made at intervals of 1 min. The 
results of the experiment are shown in curve A , Fig. 5. 

As there is a gradual drop in surface tension with of surface, 
it was thou^t that if an equilibrium point for this and other emulsions 
and solutions CTsted, it would eventually be reached if the age of the 
surface was sufficient. Further, it was conceived that the value of 
the surface tension would more quickly cease to be a function of time if the 
emulsion layers oont^ous to the surface could be constantly renewed. 
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because as concentration in the surface takes place concentration of the 
substance in the emulsion layers just below the surface becomes less. 
The procedure used to renew the emulsion layers just below the surface 
skin and to keep the concentration uniform throughout the volume was to 
circulate gently by sucking it into a 50-c.c. pipette and allowing the 
content to discharge underneath the surface of the emulsion, disturbing 
the surface as little as possible. To test this premise, the emulsion was 
again brought back, bj^ skimming, to a surface-tension value of 72 dynes.* 
It was then circulated once, as just described, at inter\"als of 1 min, and 
surface-tension measurements were made between circulations; curve 
jB, Fig. 5, was then obtained. 

That the surface tension of an emulsion becomes constant more 
quickly by keeping all but the surface in constant gentle circulation is 




Fig. 5. — Effect of time on surface Fig. 6. — ^Influence of circulation 
TENSION OF oil-water EMULSION. ON RATE OP UBOP IN SX7RFACE TENSION 

OF AN EMULSION. 

borne out by this experiment. To test this point further, an emulsion of 
one drop of a hardwood creosote oil in 100 c.c. of water was similarly 
treated; the results of the experiment are plotted in Fig. 6. In this case, 
after 24 min. standing, the surface tension became constant at 62.6 dynes; 
the skimmed surface measured 66.2 dynes. The same emulsion skimmed 
to 66.2 dynes dropped to the same constant, viz,, 62.6 dynes, after four 
circulations, or in 4 min., see curve J5. 

These experiments indicate a true equilibrium point, between the 
film and the interior, but if this point could be further established by 
approaching it from two directions it would be more certain. This 
necessitated starting circulations and surface-tension readings at tensions 
both above and below the supposed constant or equilibrium point. 
The low point was obtained by bubbling into the emulsion with a finely 
drawn tube attached to a hand pump^ as used on atomizers. By this 
process, due to concentration of tihe oily contaminant on the bubble sur- 
face, an excess of the surface-tension lowering constituent was brought 


* Meaning dynes pear linear centimeter. 
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to the free surface resulting in an oversaturated surface and a surface 
tension below the point of equilibrium. 

To test if the si^ace tensions of two identical emulsions (one skimmed, 
having a high surface tension, and one bubbled, having a low surface 
tension) would under the same conditions of temperature arrive at the 
same value, an emulsion of eucalyptus oil, 12.2 mg. per 100 c.c. water, 
was made up and so tested. The surface tension of the skimmed surface 
was 69.0 dynes and that of the bubbled surface 62.1 dynes; the surface 
tension at the point of adjustment was C3.5 dynes in each case. The 
data are plotted in curves C and D, Fig. 7. Curves A and B are for an 
emulsion of 5.2 mg. hardwood creosote oil in 100 c.c. water. 

From the foregoing experiments, it is obvious that there can be but 
two possible methods of measuring the surface tension of an emulsion 
that can be considered reliable. One is a method measuring the tension in 
a fresh surface, when it would be necessary to define what is meant by a 
fre^ surface and the method would have to measure surfaces of identical 
age. The other method would be measuring the tension of a surface in 
which the contaminant is in equilibrium with that in the interior of the 
emulsion. The film method in combination with circulation measures the 
equilibrium value and is the method used in nearly all measurements 
recorded in this paper. One advantage in the use of this method is that 
small changes in concentration reflect very much greater differences in 
the surface-tension value than do methods measuring the tension in fresh 
surfaces. This is of considerable importance in the study of adsorption 
of surface-tension-lowering contaminants by minerals. 

This point is brought out in Fig. 8 which shows surface-tension concen- 
tration curves of a steam-distilled pine oil. Curve A was obtained from 
measurements by the Jaeger capiUary-bubble method; curve B, by the 
drop-wei^t method ; and curve C, by the film method. For example, for 
20 mg. of the substance in 100 c.c. of water, by the Jaeger method, the sur- 
face tension is 65.8 dynes; by the drop-wei^t method, 64.4; and by the 
film method, 59.5. Li other words, dy/de is, by the three methods, 3.57, 
4.3, and 6.72, respectively. If the amount of oil removed from the emul- 
sion is 2 mg., the increase in surface tenraon indicated by the three 
methods is 0.7, 0.81, and 1.3 dynes, respectivdy. With many substances, 
the difimence in range is much greater than shown above. The removal 
of much smaller quantities of oil by adsorption can be detected by the 
film method. 

The foregoing experiments seem, also, to show that emulsions of 
flotation oils is watmr (and it has been found to be true for all pure organic 
substances worked with, including such soluble substances as the alcohols 
and butyric add) have true static surface-tension values; i.e., there is 
a condition of true equilibrium between surface and interior concentra- 
tion. For low concentrations, there is an equilibrium point for each 
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concentration that is a function of the concentration, temperature being 
constant. When the concentration reaches a certain value, the surface 
tension ceases to be a function of concentration, and beyond this point, 
which is not verj' sharply defined, we have a trulj' saturated surface film 

Taggart and Gaudin’* were apparently able to obtain satisfactory 
reproducible surface-tension measurements on solutions of such sub- 
stances as phenol and cresol and the soluble portion of pine oils in water 
by the practice of cleaning their surface-tension plate with acetone and 
then with ether. All methods of cleaning the plate tried by us failed 
to remove the disturbing “time factor.” It would appear that Taggart 
and Gaudin measured neither the dynamic nor the static tension but 
some intermediate tension that experience has shown us is hard to dupli- 
cate. On p. 494 ( vol. 68) , they discuss dynamic tension and static tension 
in connection with the theory of stable films and foams, but they do not 
correct their tension measurements so that these will refer either to 
absolutely fresh surfaces or to mature surfaces. The only time effect 
mentioned by them is, on pages 505 and 508, in connection with the slow 
solution of a film of oleic acid in the water beneath it and the accompany- 
ing changes in surface tension and, of course, this has nothing to do with 
the surface tension of emulsions. 

Milner*® showed that the surface tension of an aqueous solution of 
sodium oleate comes to equilibrium only after several minutes of standing. 
The curves in Fig. 9 are reproduced from his paper; there surface tension 
is plotted against time, in minutes. 

By the method of circulating emulsions to a constant equilibrium point 
and measurement of the surface tension by the film method, the surface 
tension-concentration curves for a number of flotation oils, ^own in Fig. 
10, were obtained. For convenience in comparing the concentration on 
these curves with quantities used in flotation practice, it may be stated 
that 10 mg. of the substance in 100 c.c. of water is equivalent to 0.6 lb. 
per ton of ore in a pulp dilution of three of water to one of ore. 

Constitution of Subbtancbb Lowtsbing the Subface Tension of 

Water 

Almost all organic substances, both of the paraffin series (such as the 
alcohols, aldehydes, the saturated and unsaturated acids) and of the aro- 
matic compounds and derivatives, lower the surface tension of water. 
Many of the aromatic hydrocarbon derivatives, however, and such pure 
hydrocarbons as benzene, C*H», toluene, CtHb, and csrmene, C10H14, 
lower it only very sli^tly; that is, these substances do not spread appre- 
ciably on water. The paraffin oils do not spread at tdl, the halogen deriva- 
tives chlorobenzene and bromobenzene, as well as nitrobenzene, spread 


*®Iioc. at . 


» Pha . Mag . (1907) 18, 96. 
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very slowly on water and lower its surface tension but little. A substance 
that does not lower the surface tension of water will not be adsorbed in 
its surface; it will, however, go there meehanicallt’and collect in lenticular 
globules. On the other hand, it may displace water at a solid (such as a 
sulfide) water surface, but in all the cases tested it does not. Benzene 
will not displace water at a silver, copper, or glass surface. Such sub- 
stances are also only slightly soluble in water; they w'ill not cause water to 
froth. Such a non-spreading substance may be of importance in a certain 
type of flotation, provided it will displace water at the surface of certain 
mineral particles, li a particle becomes coated with such a substance, 
there will be a tendency for particles in a pulp so coated to collect into 
rather large balls or to aggregate due to the tendency of the water (which 
has a high surface tension) films to contract to form surface films, in 
contact with the oiled substances, of minimum area, see Fig. 11. 

K, as Taggart and Gaudin have pointed out, oils are adsorbed on 
mineral surfaces with the polar ends drawn against the mineral surface 
and with the non-polar ends directed toward the water, mineral particles 
so coated would behave as if they were coated with a substance such as 
benzene. A mineral particle so coated would, if brought near the surface, 



Ca) (W 

Fig. 11(a). — M ineral particles coated with a non-polar oil. (b) Air displac- 
ing WATER AT OIL SrRFACE. 

be buoyed up and held on the surface through the contraction of the water 
film in contact with the oiled particle. This theory was worked out inde- 
pendently by the author and presented at a seminar of the School of 
Mines, University of Idaho, faculty nearly a year previous to Taggart 
and Gaudin^s publication. The experiments cited by Taggart and 
Gaudin are fairly convincing but this point seems of such importance 
that it should be shown more conclusively. 

It has been said that substances composed of molecules having 
'^soluble ends/' or polar groups, spread on water; and that substances 
composed of molecules having no soluble portions do not spread. Sub- 
stances composed of the non-polar hydrocarbon groups and a polar 
group such as the hydroxyl, OH, and the aldehyde, CHO, or the carboxyl, 
COOH, group, spread rapidly or slowly, depending on the number of CHi 
groups in the hydrocarbon chain of the molecule. For example, oxalic 
acid 2(COOH) is readily soluble in water, so is formic acid, HCOOH, 
and acetic acid CH#COOH. Propionic acid, CH«CH*COOH, is less 
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Table 5 


Surface Tension 


H,0 


-- 

Concentration 

Film Method 

73.0 

Drop-weigh 

Meth^ 

73.0 

XaCl ^c.p., 


... 

. . . M/1 

74.3 

76.1 

Kafc.p.). ... 



M/1 

74.3 

74.6 

KOH (c.p.) . . . 



M/1 

73.4 

74.2 

XaOH (c.p.). . 



M/l 

73.6 

74.8 

CuS04 (c.p.) . . 





M/0.5 

72.9 

73.7 


The surface measured by the film method was formed by allowing the 
solution to run rapidly from funnel B into funnel A, Fig. 3, which was 
measured at once. With the drop-weight method, six drops fell every 
minute. In each case, fourteen drops were we^hed in a pan on the 
same automatic balance that was used for the film method. The mea- 
surement is so quickly made that evaporation is negligible. Duplicates 
were made and what evaporation did take place was considered the same 
in each case. The surface tension of water was arbitrarily taken as 73 
dynes for each method; f.e., a sample of distilled water was measured by 
each method to obtain the proper factors by which film readings 
were multiplied and by which the weight of a given number of drops 
was multiplied. 

A saturated I^aCl solution, by the film method, had a surface tension 
of 80.5 dynes at 20** C. Table 6 gives the results obtained for cadmium 
chloride, CdCl2.2HsO, and copper-sulfate, CuS 04 ' 5 H 20 , solutions. 

Baker Chemical Co. c.p. chemicals were used. 


Table 6. — Surface Tensions of SdU Solutions 


Cheznioal | 

1 

ConoentratiomOm. 
per 100 c. c. HsO 

Skiinined Surface 
Tension 

Cda,.2H,0 

70.0 


CdCl,.2H,0 

35.0 


C!da)^ 2 H 30 

23.3 


Cda,.2H,0 

11.6 


CdCljh2HaO 

5.8 


CuS04.6H*0 

15.9 



A nonnai sodium-chloiide solution of e.p. salt, the surface of wMch 
was formed by allowing the solution to run from funnel B into funnel A 
and quickty measuring, had a surface tension of 74.4 dynes at 17“ C. 
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This surface had the same tension after standing for 1 hr. covered with an 
inverted funnel D, Fig. 3. 

Compression and expansion experiments were made on another 
portion of the same solution, using the paraffined trough* shown in 
Fig. 4. The data in Table 7 were obtained. The compressed surface was 


Table 7 


Area of Surface, 

Square Inches > 

Contracted Surface, | 

Per Gent, of Onginal 1 

Surface Tension, at 20*^ C., 
Dynes per Centimeter 

48 

100.0 ' 

75.0 

27 ! 

56. 0 

74.9 

24 1 

! 50.0 

74.9 

21 

43.8 

73 0 

18 

48 5 

68 6 

15 

31.4 

60.4 

12 

25.0 

51.2 

9 

18.8 

45.0 

6 

12.4 

43 0 


again skimmed and had a tension of 75 dynes; it was again compressed as 
soon as possible after skimming. The tension started dropping when 
the area was reduced to 8.4 per cent, of the original. A skimmed surface 
standing 2 min. and one standing 6 min. and then contracted started 
dropping in tension at surfaces reduced to 18.8 and 37.6 per cent., respec- 
tively, of the original area. Skimmings from the surface of the salt 
solution had a pH value of 8 while the original had a pH value of 4.9, i.e., 
the surface layer is alkaline while the interior is acid. 

The surface of an N/1 solution of KCl enclosed in a ring 4^ in. in 
diameter compressed into a ring 1^ in. in diameter dropped from 74.3 
to 46.0 dynes. The compression was effected in funnel A, paraffined and 
graduated so that percentage compression could be read off. On agitating 
the small portion remaining in the fuimel after compression, the tension 
went up to 63.5 dynes. Whatever may be the nature of the contaminant 
in these surfaces, it is evident that surface-tension measiurements on salt 
solutions should be made on expanding surfaces. 

The tension in a fresh surface of water-containing bases, such as KOH 
and NaOH in solution, is greater than that of water, but these two, while 
they do not drop noticeably in short intervals of time, are quite sensitive 
to compression. A M/1 solution of NaOH had a surface tension of 73.6 
dynes per centimeter at 20° C. Acids may lower or raise the surface 

* Experimeats were earried out to show that the paraffin had no efiect on the 
surface tenson of the solution. Several pieces of paraffin were dropped on to the 
surface of a salt solution in an Erlenineyer Sask; the surface tension remained 
unchanged for hours. 
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tension of water and it has been found that the surface tension of a 
h^^'drochloric-acid solution is less affected by time than aqueous solutions 
of salts or bases. The foDowing tensions were obtained from solutions 
made with c.p. hydrochloric acid having a specific gra\rity of 1.18. 


QvwfTtTT HCl pna 100 c c HtO, 
CcDic Centimete:.? 


SritrACi: Tension, 
AT 20* C. 


10 

20 

30 

40 

50 


72.8 
72.0 

71.8 
71.6 
71 6 


According to Morgan/* sulfuric acid up to 5 and 10 per cent, has 
little effect on the surface tension of water. The maximum increase 
occurs at about 40 per cent, sulfuric acid. From this concentration up, 
the surface tension drops off rapidly. We have found that the effect of 
sulfuric acid in amounts common in flotation practice is to lower the 
tension slightly. 


Foaming op Salt Solutions 

It is weU known that salt solutions foam on shaking. If foaming 
occurs, something is being adsorbed in the surface films. The substance 
positively adsorbed (as salt solutions have a higher surface tension than 
pure water) is presumably the solvent (water). We would therefore 
expect to fiiad less salt in the foam liquid than in the solution. Surface- 
tension measurements on the solution and on the foam liquid show that 
this is the case. 

It has been stated that the surface skimmings from various salt solu- 
tions are more alkaline than the original solutions. The foams from a 
sodium-chloride and from a barium-chloride solution were collected and 
tested for hydrogen ion concentration, with the results shown in Table 8, 

Table 8. — pH Value of Foam from Salt Solviions 


pH Value 


Salt 

1 tion 

Set 1 

Sets 

NftCl, c,p. 

Original NaCl solution 

1 

! 

' N/1 

4.9 

4 9 

Froth 


5.1 

5.0 

Residual 


i 4.9 

4.9 

BaCls, c.p. 

OriginaJ BaQi solution 

' N/l 

1 

6.2 

6.3 

Froth 

. i 

6.5 

6.7 

Residual 

1 ' 

1 

6.2 

6.3 


» ltd. Ant. Chem. Soo. (1916) 88, 668. 
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Note. — ^The distilled water used in making up the barium-chloride solution had 
a higher pH value than that used in making up the sodium-chloride solution; this 
acoounts for the difference in the pH of the original solutions. It may be argued 
that a difference of 0.1 pH is insignificant; by direct comparison of solutions, a 
difference of 0.1 pH gave an unmistakable difference in color. Skimmings from the 
sodium-chloride solution had a pH value of 8. 

The foam liquid was obtained by agitating the salt solution in an 
Erlenmeyer flask with a soda-fountain drink mixer. Air was supplied 
through a glass tube leading into the flask. An aspirator pump was used 
for forcing in the air. The overflowing froth was caught in a cleaned 
porcelain vessel in which the Erlenmej’er flask sat. 

The reason for the interest in knowing what was being adsorbed in 
the foam film is that ore flotation can be quite successfully done in a 
laboratory way, in salt solutions. The selective flotation of sulfide 
minerals from quartz or other gangue minerals in pure salt solutions is of 
considerable interest from a theoretical point of view. It would be of 
much interest to know the nature of the adsorption reactions in this kind 
of flotation. 

Sodium chloride and barium chloride are not exactly neutral salts; 
aqueous solutions of sodiiun chloride give sli^tly acid solutions. From 
experiments made on salt solutions made up of freshly boiled distilled 
water, it appears that the difference in acidity of the surface solution and 
the interior salt solution, as shown by skimming experiments, is due to 
dissolved COs from the atmosphere. As in the case of boiled distilled 
water, skimmings from salt solutions made up from freshly boiled water, 
to remove dissolved gases, showed no difference in acidity for surface and 
interior solution by the use of indicators. However, if the solutions were 
allowed to stand in pyrex flasks for several hours and then subjected to 
skimming tests, noticeable differences in acidity of surface skimmings 
and residual solution were found. 

In aU tests for acidity and alkalinity of solutions, a given number of 
tenths of a cubic centimeter were added to equal quantities of the solution 
to be tested. The indicators recommended by Clark and Lubs were used. 
It is interesting that the residual solutions from all skimming tests gave 
the same color with the indicator as did the original. This subject was 
insufficiently investigated because of more pressing problems. 

Effect of Chemicals on Stjbface Tension of Oil-watbe 

Emulsions 

The only observed ^ect of chemicals on emulsions when used in the 
small quantities demanded by commerdal practice was, in general, to 
lower their surface tensions as shown in Table 9. Copper sulfate and 
sodium dibasic phosphate increased the surface tension slightly. 
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Table 9 


Chemical 

P*ce Oil, 
Milligraxr.3 per 
100 c c. H:0 

Surface Tension at 
20® C., Dynes 
per Centimeter 

HaO 


73.0 

H 2 O -i“ .... 

. . IS. 4 

58.7 

CuS 04 , 0.007 per cent, solution 

IS. 4 

62.0 

Xa# HTO 4 , 0.067 per cent, solution -r . 

IS. 4 

59.3 

XaaCOc, 0.067 per cent, solution 

IS. 4 

56.3 

K* Cti 0^, 0.067 per cent, solution -r . . . . 

18.4 

57.5 

H 8 SO 4 , 0.067 per cent, solution -f 

IS. 4 

56.5 

XaaS, 0.067 per cent, solution -f . 

18 4 

56.5 

XaOH, 0.067 per cent, solution -J- 

. . 1S.4 

55 6 


Effect op Temperature on the Scbfacb Tension op Water 

The temperatiire of a flotation pulp, in practice, will vary through the 
year as much as 25*’ C, As the surface tension of water decreases as the 
temperature increases, the increment being 0.145 dyne per degree C., 
there may be a difference of 3 or 4 dynes in surface tension between winter 
and summer. In some cases, this could easily be a great enough change to 
cause a noticeable difference in operation results. The change is not 
only sufScient to cause a lowering of the spreading force of an oil on water, 
but it may be of considerable importance relative to the question of 
flocculation and peptization of the mineral particles in water, as was 
noticed in some work on flocculation of mineral suspensions. The role 
of flocculation and peptization (or deflocculation) in flotation will be 
taken up at lei^h in a paper dealing with the solid-liquid interface. 

Adsorption and Wetting 

For convenience of discussion, we may classify adsorption processes 
into three types, as follows: 

Adsorpfo'on type 1, resulting in a relatively great concentration of the 
conta minan t on the surface of the adsorbent. Examples, adsorption of 
gases on liquid and on solid surfaces; adsorption of a contaminant on the 
surfaces of dilute aqueous solution. 

Adsorption type 2, resulting in the spreading of the contaminant 
molecules and an orientation of them on the surface. Examples, spread- 
ing of relatively insoluble polar liquids (oil, etc.) on water; wetting of 
solids by liquids. 

Adsorption type 3, surface concentration followed by solution of the 
cont aminant molecules in the adsorbent. Examples, adsorption of 
gas^ by solids, such aa hydrogen by palladium; the ac^rption of such 
liquids as acetic acid on water and of mercury by gold. 
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All three types are important in the flotation process, and the chemical 
mechanism^^ involved in the three t3"pes is the same. The difference 
manifested is in degree only and, in other respects, due to the physical 
nature of the components entering into the reaction and in the specific 
properties of the components. There is no sharp dividing line between 
these three types of adsorption; they are thus classified simply 
for convenience. 

According to Freundlich, adsorption is always accompanied by a 
lowering of the surface tension or energy of the adsorbing phase. Willard 
Gibbs early worked out the mathematical expresssion for this statement : 



dy 

dc 


where q = excess of substance in surface layer; 
c “ molar concentration of solution; 

B — ordinary gas constant, approximately 83.2 X 106 ergs. 

T = 293, at 20® C.; 
y = surface tension of solution; 

u/U 

^ is determined from a surface-tension concentration curve when c 
is known. 

This equation is xiseful in working with substances soluble in water 
and in concentrations low enough not to give saturated films. When the 
concentration of the solute reaches a point where the surface tension 
becomes independent of concentration, the equation is no longer of 


any use. 

The molar concentration in the surface in excess of that in the volume 
of substances of type 1 can be determined by the Gibbs equation when 
the solution concentration is somewhat below that which will give a 
saturated film. Also some cases in class 3 are open to investigation by 
this formula. 


Spreaotng op Oils and Other Substances on Water 

This is adsorption type 2. The conditions for the spreading of one 
Kquid on another, for example water, are: The liquids must be immiscible 
or only slightly miscible in each other; there must be a reaction between 
the water molecules and certain portions of the molecules of the 
spreading substance. 

It is not necessary that the molecules of each liquid as a whole have 
mutual attraction for one another. In fact, this were the case, we would 
have adsorption of the third type or a solution of one liquid in the other; 
it is only necessary that the molecules of the liquid contain polar groups. 

Langmuir considers that adsoiption and surface tension are chemical phenomena 
[Me^, <Ss Chem, Bng, (1916) 15, 468] and that the electromagnetic field of force 
(chemical a£Snity) suizounding surface atoms is lei^nsible for adsorption. 
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For example, if a drop of oleic acid, C17H33COOH, be placed on the 
surface of clean water, it will immediately spread out over the water 
surface into a film, which Langmuir has calculated to be one molecule 
(11,2 X 10”*cm.} thick; this is provided the water surface is great enough 
to accommodate all the molecules. The polar portion in an oleic-acid 
molecule is the COOH or carboxyl group. It is soluble in water, meaning 
that it has a strong affinity for water molecules. The hydrocarbon chain 
has less affinity for water than the COOH group and more affimty for 
oleic-acid molecules; hence it must be pointed away from the surface of 
the water and the COOH groups must be pulled down against and, to 
some extent, penetrating into the surface of the 
water. The molecules of oleic acid are considered 
to Stand on end in the water surface much as a 
j: light capsule, containing a shot, Fig. 12, would do 
if thrown on to the surface of water. From 
Langmuir's and Harkin’s work, the general rule 
Jias been given that at any surface of contact 
ccLAR OX A -n- A TEE bctwecn tvTO different phases, the molecules in 
scHFACE. contact surface, if free to move, will orient 

themselves so that each end of the molecule points toward or sticks into the 
phase whose molecules it resembles; in other words, the molecules in the 
plane of contact will arrange themselves so as to make the transition from 
one phase to the other the least abrupt. If then a small quantity of oil is 
placed on a surface of water, it will spread out over the surface until each 
molecule has its polar group sticking into the water, when spreading 
will cease. 

Substances containing no polar groups will not spread on water. 
All wood and coal-tar oils of commercial value in flotation contain a pre- 
ponderance of molecxiles that contain one or more polar groups. The 
structure of such oil molecules is no doubt very complex. 

The solubility of an organic substance decreases as the length of the 
CH* chain increases. This was pointed out by Traube*^ in 1891. For 
example, in the fonnic-acid series, the first members of the series (formic 


acid, acetic acid, and propionic acid) are readily soluble in water and when 
a drop of propionic acid is put on water it spreads with a flash but soon 
disappears, going into solution; this is adsorption of the third type. 
CapryKc acid, CH*(CHj)«COOH, of the same series is less soluble, due 
to the preponderance of insoluble hydrocarbon groups over the soluble 
COOH groups, and spreads forming a perceptible film. 

That films of oil on water are, in general, one molecule deep has been 
established beyond doubt. Langmuir’s work on oil filma on water, which 
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has been more recently confirmed by others,^ marks a great advance 
in our knowledge of the subject. 

A flotation oil, such as pine or hardwood oil, spreads rapidly on the 
surface of clean water, reducing the surface tension to between 40 and 60 
dynes per cm., depending on the molecular composition of the oil. If the 
water is contaminated with any substance, say a water-soluble soap, 
that lowers the surface tension, the oil will not spread but will collect 
into lenticular-shaped globules. Substances that hinder or prevent oil 
from spreading on water would appear to be harmful in flotation. 

Effect of Chemicals on Oil Films on‘ Water 

Langmuir^ has shown that films of various fatty acids, alcohols, and 
esters are extraordinarily sensitive to very small quantities of acid. 
About one part of HCl in a million of water was sufficient to change his 
contraction curves for films of stearic acid on water until they hardly 
resembled the curve for stearic acid on clean water. Sulfuric acid gave 
exactly the same effect as hydrochloric acid. Regarding salts in 
solution, such as the chlorides of sodium, calcium, or magnesium, 
Langmuir states that the contraction curves obtained were not greatly 
different from those foimd with distilled water, and that the small 
effects that do occur with these and other salts are being made the 
subject of further study. 

The effect of acids and bases on oil films on water has been considered 
recently by N. K. Adam,^ there is a good deal of speculation about the 
whole question. The films are soluble to different extents in acid and 
alkaline solutions. Adam has shown that palmitic acid is completely 
insoluble in water slightly on the acid side of neutrality, the films preserv- 
ing their area and properties unchanged for hours. As the alkalinity 
increases, the molecules are drawn deeper into the water and at a pH 
value of 10, contraction measurements were impossible because of solution 
of the films. 


Variable Surface Tension 

In order that a bubble may persist, it must have in the film 
a substance that is readily adsorbed in the film surface. Thus, if due to 


**N. K. Adam: The Properties and Molecular Structure of Thin Films of 
Palmitio Acid on Water. Proc. Boyal Soc. (London) (1921) 99A, 336. 

Paul Woog: The Dimension of the Molecules of the Fatty Oils, and Certain 
Phenomena of Molecular Solution. Comptes Rendus (1921) 178, 387. 

A Marcelin: Surface Tension of Monomolecular Layers. Comptea Rendus 
(1921) 173, 38. 

Am. Chem. Soo. (1917) 89, 1876. 
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sudden local outside forces, the film is caused to stretch at certain points, 
resulting in a raising of the surface tension; at that point, some of the 
substance ■will be quicklj* adsorbed in this portion of the surface film and 
a imiformity of tension is quickly established. 

This equalization of forces by the adsorption of a surface tension- 
lowering constituent is acti've in foaming and in the formation of mineral 
froths. The presence of the lai^e number of fine mineral particles in the 
spongelike structure gives added stability to the froth as a result of 
decreased mobility. 

SCBPACB TeXSIOX OF BUBBLES IX A FlOTATIOX PuLP 

The surface tension, or the tension existing at an aqueous pulp-air 
(bubble) interface, cannot be determined experimentally but there is 
everj' reason to believe that in flotation practice it is xeiy little less than 
that of clean water. This statement applies to the water-bubble surface 
before the bubble reaches the free surface of its pulp. In modem flota- 
tion practice, the amount of oil used, when thoroughly mixed into the 
pulp, lowers the surface tension of the pulp only very slightly, in the 
neighborhood of 60 to 70 dynes per cm. After treatment, the tailing 
pulp will have a surface tension usually aroimd 71.5 dynes per cm. These 
figures will vary with the kind and quantity of oil used, but it is never 
much below that of pure water. The tension of skimmed surfaces, as 
measured by the film method, corresponds more nearly to the tensions 
existing in a flotation pulp than do the values of surface tension obtained 
on circulation of the emulsions, or what may be called the static surface 
tension. The latter will be much lower than the tension of a fresh surface, 
such as that existing at the pulp-bubble interface. In some respects, 
therefore, the dynamic tensions are of greater interest. With a pulp 
of low surface tension and a high surface concentration of cont aminan t, 
the selective adsorption of minerals for oils disappears and the condition 
of overoiling, familiar to the miUman, appears. 

If the surface tension of the pulp is as high as the figures given, it is 
reasonable to suppose, in view of the large number of bubbles in a properly 
aerated pulp, that the bubble-water surface tension is practically that of 
water. Thus there is a strong tendency for the oil to go into the bubble 
surface; i.e., the rate of adsorption is a nnB.Tnmnm . The greater the num- 
ber of bubbles, the h^er wfll be the surface tension and ■the cleaner 
should be the concentration. The desirability of high surface tension 
will be made evident when we examine an oil-water emnlRin n, if the 
surface of an oil-water emulsion is skimmed -vvith a strip of paraffined 
paper and its surface tension measured, it will be found, for a short tima 
to have a high surface tension, see Fig. 6; there will be a rapid rate of 
surface concentration at this point. As the tension drops, the rate will 
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decrease; and at the point of eqTiilibrium in surface concentration, there 
will be no effective surface concentration. 

SxmnAST ASD CoxcLtrsioxs 

1. The modem theories of the structure of matter in their relation to 
the theory of flotation are touched on. Polar and non-polar substances 
are defined. Flotation oils fall into the class of polar substances and 
possess, from a flotation standpoint, the important properties of spread- 
ing on water, of lowering the surface tension of water, and of adsorbing 
on mineral surfaces. 

2. The latest design of the writer's apparattis for measuring siuface 
tension by forming films is shown and described. With this method, the 
tension of liquid surfaces of any age greater than a few seconds is con- 
veniently measured and the surface tension of a liquid can be determined 
to an accuracy of 3^ per cent, in a couple of minutes. 

3. Methods for compressing liquid surfaces are described. 

4. The surface tension of water, as affected by various gases and in 
vacuo, is discussed and a table of data compiled from the work of various 
observers is given, from which the following facts are apparent: There 
is no agreement among the various observers as to the effect of various 
gases on the surface tension of water or as to the value of the surface 
tension in vacuo. There is little change in the surface tension of water 
in contact with various gases other than carbon monoxide, which seems to 
lower it slightly. The conclusion is that the lack of concordancy is to be 
attributed to experimental error or to surface contamination or to both. 

5. Data are given to show that the surface tension of water, as 
determined by the film method, remains constant with age, up to 48 hr., 
if the proper experimental precautions are taken. It has been found 
next to impossible to maintain absolutely uncontaminated surfaces for 
any length of time. 

6. Surface compression experiments on water are given that show: 
That the surface tension of aged surfaces drops off rapidly when squeezed 
between two paraffin blocks; that the point iu the compression where 
the surface tension falls off bears a relation to the age of Hie surface. The 
explanation for this is probably in the presence of contaminants adsorbed 
on the surface, the source of such contaminant being from the air, dis- 
solved substances in the water, or oils from the paraffin. 

7. Flotation oil-water emxilsioiss, in low concentrations, have constant 
surface-tension values, which are reached only after several hours of 
standing but which are more quickly reached by keeping the emulsion in 
gentle constant circulation. Different methods of measuring surface 
tension give widely varying results for the surface tension of flotation 
oil-water emulsions; the magnitude of the value is in relation to the age of 
the surface. The fresher the surface the hi^er is its surface tension. 
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S. Substances possessing no polax or active groups in the molecules, 
such as benzene and paraffin oil, are of no value as pure substances in 
modern flotation methods. Only substances that possess the property to 
spread on water have been successfully used in flotation. 

9. The surface tensions of water on which various flotation oils have 
spread are given. The spreading coefficients of a number of substances 
are determined. 

10. The effects of chemicals on the surface tension of water are investi- 
gated. A tabulation of the figures of a number of observers for the 
variation of the surface tension of water with concentration of potassium 
chloride shows a total absence of agreement. 

11. The surface tension of aqueous solutions of salts and bases drops 
with age of the surface and rapidly on compression. The older the sur- 
faces, the earlier in the compression does the drop of tension commence. 

12. For salt solutions, hydrogen-ion concentration determinations 
by the use of indicators indicate that the falling off in tension with age 
and with compression is caused by a surface concentration of alkalinity. 
This probably explains the lack of agreement in the values of the sur- 
face tension of potassium-chloride solution in the table as recorded by 
various observers. 

13. Hydrogen-ion determinations on foam liquid from several aqueous 
salt solutions indicate the foam to be more alkaline than the interior 
solution. Carbon dioxide dissolved in the solution seems to be the factor 
responsible for this surface condition. 

14. Adsorption and wetting in their relation to flotation are discussed. 

SURFACE REACTIONS WITH SPECIAL REFERENCE TO THE LIQUID- 

LIQUID INTERFACE 

In the present froth-flotation process, such small quantities of oils 
are used that there is some speculation as to what happens at the inter- 
face of the oil droplets in contact with the water. In the past, con- 
siderable stress has been placed on the question of emulsification although 
without sufficient evidence that an emulsion of oil-in-water or of water- 
in-oil really existed. Megraw*® thinks that, in flotation, we are specifi- 
cally not dealing with an emulsion of oil-in-water and that if we were we 
could not get flotation. Moses," using Bancroft’s ideas of eTymlftinnB^ 
accounts for them in flotation by the presence of adsorbed filma and 
thinks that sulfuric acid is usually beneficial due to its ability to drive 
away these adsorbed films and thus destroy the emulsion. Van Axsdale 
has taken out patents covering the use of sulfiuic acid to break up 

« “The Flotation Proceas,” 30. 1916. 

*• Agitation in Flotation. Eng & Min. JnL (1921) 128, 477. 



A. TV. FAHBEKWAIiD 


677 


emulsions in flotation. It is evident that there is much uncertainty as to 
the part pla3’-ed in flotation by that portion of the flotation agent (oil) 
which is insoluble in water and which must take the form of very tinj' 
droplets in the continuous water phase. 

Such questions as the following at once confront us: (1) In present 
flotation practice are the oily substances completely soluble in the small 
quantities used? (2) If the oil is not completely soluble, what is the 
condition of the insoluble portion in the water? (3) What is the part 
played by the oil in these two conditions? Much light can be thrown 
on these questions by a study of the nature of the interface of oils in 
contact with water, with respect to interfacial tension and adsorption. 
Soluble substances in flotation will not be discussed here, except to say 
that there are completely soluble substances that cause flotation. 

Classification of Substances of Possible Value in Flotation 

For the sake of discussion, we may classify the substances of possible 
value in flotation as follows: 

1. Soluble or polar substances: .with these substances no interface will 
be formed as they are soluble in water beyond concentrations of interest in 
flotation. Examples are phenol, cresol, alpha-naphthalamine and amyl 
alcohol. These substances have not found wide use as such and are 
usually mixed with less soluble substances. These will not be discussed. 

2. Substances composed of molecules having one or more “soluble” 
groups, called polar groups, which may be subclassified as follows: 
(a) Substances in which the soluble polar end predominates and which are 
soluble far in excess of the quantities used in flotation. Examples are 
the short-chained alcohols (OH group), aldehydes (CHO group), and 
some of the fatty adds (COOH group) of the formic-acid series. No 
interface will be formed. Many of the substances in this class assist 
flotation. (6) Substances in which the non-polar group, or “insoluble” 
portion, in the molecule predominates. Examples are many flotation oils 
and the long-chained fatty acids, such as oleic acid. These substances 
are only very sli^tly soluble and at present are the most generally used 
in the flotation process. When these substances, in the quantities used 
in flotation, are agitated with water, presumably a part goes into solution 
and a part becomes emulsified in the water. All substances that spread 
on water and form a film belong in this class. In small quantities, these 
substances lower greatly the surface tension of water and are, therefore, 
good foaming agents. 

3. Insoluble slightly polar substances: there are relatively few non- 
polar substances. ParaflSn oils are examples of such substances. They 
do not spread on water, do not dissolve in it and thus do not lower its 
surface tension, and will not promote frothing. As the present flotation 
process requires a substance that lowers the surface tension of water and 
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which is strongly adsorbed in the surface, substances in this class are of 
little importance. These substances are not only of no use as “frothers,” 
but they are displaced at the surfaces of most solids by water. They, 
therefore, are also not “oilers’' in those cases. 

iNTERFACIAn TE^•SIO^* 

The interfacial tension of two immiscible substances A and B is 
defined as the force, in djmes per centimeter, required to pull a film (of 
negligible thickness) of A into substance S or of £ into A, Antonov®’^ 
has shown that the interfacial tension between two liquids A and B 
is the difference between the surface tension of A saturated with B and 
the surface tension of B saturated with A. That Antonov's rule holds 
fairly closely has been shown by the more recent work of Reynolds.^® 

^Iethods op jMeasxtbin'g Ixterpacial Tension* 

]!^fethods of measuring interfacial tension may be divided into statical 
and dynamical. Of the statical methods that of Quincke, based on a 
consideration of the dimensions and shape of the drops of one liquid 
lying at rest in a surrounding immiscible liquid, the capillary-rise method 
of Reynolds, and the film method just described are available. Only 
one method that may be called dynamical has been used at all extensively ; 
via., that based on considerations of the forces operating on a drop of one 
liquid fo rmin g in a second immis cible liquid, or known as the drop- 
weight method. 

The capillary-rise method has been developed to a high degree of 
accuracy by Reynolds, who gives the following requirements for its use: 
“An essential condition is that the perfectly cleaned tube must be 
completely filled with the liquid which has the greater surface tension 
(in general, an aqueous solution), and the other immiscible liquid must 
travel continuoudy in one direction only. The measurements are com- 
pletely falsified if the aqueous solution is allowed to advance along a 
surface that has been wetted by an immiscible organic solvent, as even in 
the simplest cases, such as benzene-water, it takes many hours to displace 
the former completely and, in many cases, the displacement is not complete 
after several weeks' contact." Perfect cylindrical capfllary tubes are 
also necessary. 

The drop-weight method has been most highly perfected by Harkins®® 
and his students, who found the capillary-tube method inaccurate in the 
measurement of interfacial tension particularly in working with a ben- 
zene-water interface. Harkins, Davies and Clark*® state, “The fact 

Interfacial Tension II. JnL Chezn. Soc. (1921) 119, 466. 

« Russ. Phys. Chem. Soc. 39, 120-121, 93, 342-63, 

*• Jnl, Am. Chem, Soc. (1919) 41, 499. 

JtiL Am. Chem. Soc. (1917) 89, 549. 
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that the capillary-tube method in no case gave the same resJilts in dupli- 
cate determinations unless the time the solution was kept in the tube was 
nearly the same, and that even quarts capillaries gave very poor results, 
suggests that the capiUary-height method is not suited for such a problem 
as this.” 

From a consideration of the figures of Ee 3 mold 8 , which indicate an 
exceedingly high degree of accuracy, it appears that certain factors, 
which will be brought out later, were not recognized or were not given due 
consideration by Harkins, and his coworkers. Table 10, taken from 
Reynolds’ paper, brings out the differences in the values of interfacial 
tensions depending on the method used. It is to be noted that the sup- 
posedly statical method gives the higher value in aU cases. This is 
contrary to what would be expected but is to be explained by the fact 
that the capillary-rise method as used by Reynolds is more dynamical 
than the drop-weight method. 


Table 10 . — Values of Interfacial Tensions and Methods of Measurement 


Substance j 

I 

Method 

Statical 

(Capillaiy-rise) 

Dynamical 

(Drc^weight) 

Ether and water 

10 6 

7.7 

Amyl alcohol and water 

4.8 

3.8 

Benzene and water . j 

34 0 

28 0 

Nitrobenzene and water ..... 

! 24 7 

21 0 

Chloroform and water . . .1 

1 33.3 

26.7 

Carbon tetrachloride and water ! 

1 

1 43.8 i 

1 i 

34.1 

i 


The film method, which so far as the writer knows has not been used 

heretofore for measuring interfacial tension, is a truly statical method. 

The apparatus is diown in Fig. 1. One design 

of the frame is shown in Fig. 13. It is used 

when the layer above the interface is only about 

1 mm. deep and when it displaces the lower 

phase at the surface of the frame, i.e., when 

the film is formed by lowering theframethrou^ 

the interface. Another deagn, which is similar 

to that used in surface-tension work, is shown fig. 13.— Plate used 

in Fig. 14. This one is more satisfactory when intespacial tension 
, . , . , ^ , -1 , mbabusbmbnts. 

the upper phase is about M when 

the film is formed by drawing the frame up throi^h the interface. It 
eliminates entirely the question of the buoyancy of the frame in the 
liquids. Its position at the sts^e of the measurement when the film is 
formed is shown in (c). 
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TTitb the film method, a film of either liquid may be drawn into the 
other and a film of the substance that most easily wets the frame should be 
formed. This method has the advantage of being rapid and, as against 
the drop-weight method, is applicable to the study of surface concentra- 
tion when this is influenced by time. In other words, slow adsorption 
proce.sses are readily investigated by this method, while they are not by 
djTiamical methods; and, heretofore, many important phenomena have 




... 


I'M. TOEM OP PLAOT USED Df INTEBPACaAL TENSION MEASUBB- 

MENTS. (o)— (c) Stages in the opeeatzon op making an intbrpaciad-tbnsion 

DETEBBONATION. 

escaped the attention of experimenters throngh the inabihty of their 
methods to detect such changes of adsorption as occur with the age of 
the surfaces* 

The film method has the disadvantage, when the tension in the film is 
measured on the automatic balance, of being slightly less accurate than 
either the capillary-rise or the drop-weight. However, readings are 
easily possible to 0.1 to 0.3 dyne, which is sufficiently close for this 
work and many^ other kinds of investigations involving interfacial- 
tension measurements. 
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Another source of discrepancy in this method, when appKed to 
interfacial tension, is to be found in the wetting of the vertical portions a 
of the frame, Fig. 14, to which the ends of the ribbon-shaped liquid film 
are attached. With some oils, unless great care is exercised, the contact 
angle of the respective liquids against the uprights a of the frame will be 
different when the film is attached and when it is broken; as the tension 
in the film is taken to be the difference between that recorded when the 
film is formed, and after it is broken and the frame occupies the same 
position, relative to the interface, the contact angle should be the same in 
both cases. The error from this source is kept at a mmiTmim if the 
upright members of the frame are made as narrow as possible and if the 
procedure here outlined is followed. For example, if the benzene 
water interfacial tension is to be measured, the water should be put into 
the beaker, the beaker raised by means of the adjustable stand xmtil the 
frame hangs free and is completely immersed in the water, as in Fig. 
14(6), then the benzene layer should be added. The beaker should 
then be lowered by operating the adjustable stand, slowly pulling the 
frame up through the interface forming the film, as shown at (c). The 
position of the pointer on the scale is next recorded and the film ruptured. 
The frame should now be lowered until the straight edge nearly engages 
the water phase, as shown at (d), and then raised to the position relative 
to the interface that it occupied when the film was attached, as in (e). 
By this procedure, in the case of a benzene-water interface, providing 
adsorption of a substance in the interface is not taking place, duplicate 
readings that check to within 0.1 dyne are possible. 

Tension at Oil-water Interfaces 

Table 11 gives the results of measurements made on interfaces of 
several substances in contact with water, each phase being presumably 


Table 11. — Interfacial Tension of Some Substances Against Water 
hy Calculation and hy Observation 



1 

Surface 

1 Tension 
of Dry 

oa j 

Surface 

Tension 

Surface | Interfacial T^iaion 

Tension i 


of oil 1 
Satu- ! 
rated 
with 
Water 

of 

Water 
Satu- 
rated 
with Oil 

Calcu- 

late 

Ob- 

aeryed 

Tem- 
pwture, 
j De^ea 

General Naval Stores No. 5 , steam- 
distilled pine on 

1 1 

i 1 

31.3 

i 

31.0 i 

43.0 

12.0 1 

11.3 

20 

P. T. & T. Co., No. 100 pine oil. , 


30.7 j 

47.0 

16.3 

13.3 

19 

Oleic acid 


36.2 j 

46.2 ' 

10.0 

12.0 

19 

P. T. & T. Co. ref. pine oil 


37.0 

1 

50.0 j 

13.0 

13.2 ! 

19 

Green camphor oil 

1 

36.2 

60.6 

14,3 

14.0 

19 
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saturated* with the other. As a check, the values of the surface tension 
of the water saturated with the oil in contact and of the oil saturated 
with the water are given. Of interest in this connection are the inter- 
facial tensions, Table 12, given by Reynolds (?oc. dt.) of several common 
substances in contact with water, as determined by calculation and 
by observ’'ation. 


Table 12 . — Interfadal Tension by Calculation and by Observation by 
Reynolds’ Capillary-rise Method 


SubatAxice 


Surface 


Surface 

Interfaoial Tension 

Teosios 

of 

Water 

Surface 
Teziaion 
of Dry 
Oil 

Tension 




of Oil 
Satu- 



Tem- 

Satu- 

rated 

rated 

with 

Calcu- 

lated 

Ob- 

, served 

:^ature. 

Degrees 

with Oil 


Water 




Benzene 63.2 28.4 : 28.8 : 34.4 34 4 j 19 

Ethyl ether 28.1 17.7 ; 17.5 10.6 10.6 j 18 

Aniline 46.4 41.9 42.4 ' 4.2 1 4.8 j 26 

Chloroform 69.8 . 27.2 26.4 : 33.4 i 83.3 j 18 

Carbon tetrachloride 70.2 26.7 26.7 | 43.6 ; 43.7 | 17 

Nitrobenzene : 67.9 43.4 I 43.2 24.7 I 24.7 18 

I ' ! 1 


For flotation oils, but better still for pure substances in contact with 
water, the interfacial tension is approximately determined hy the rule 
of Antonov. The tension at the interface between water and a viscous 
immiscible substance is probably not accurately measured by the film 
method to closer than 0.5 dyne, but for benzene and light thin oils, a 
higher degree of accuracy is attainable. The interfacial tension of a 
given two-phase system and the extent to which it is altered by contami- 
nants in either phase are important questions in flotation. 

Effect of Chemicals on Intsbfacial Tension 

Acids in the quantities used in flotation have practically no effect 
on the tension of a normal or uncontaminated interface. A difference, 
beyond the range of experimental error, for a number of flotation oils, 
and for different concentrations of HCl could not be obtained. Reynolds*^ 
gives 35 dynes for the interfacial tension of benzene against a H2SO4 
solution and 36.6 dynes for a 2J^N solution. It is known, however, that 
acids are very effective in breaking up emulsions and it is generally agreed 
that this is through adsorption of the hydrogen ions which neutralize part 
or all of the negative clMurge that emulsoid partides are known to carry. 

* Saturation was effected by allowing the phases to stand in oontoct with each 
other for 48 hr., a portion of each phase was then transferred to a dean beaker, thus 
fonning a new interface. 

« Loe.dt. 
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Bases lower the interfacial tension between water and substances 
in the second and third groups of substances of doubtful value in flotation. 
For steam-distilled pine oil, General Naval Stores No. 5, the results in 
Table 13 were obtained by the film method: 


Table 13. — Effect of Sodium Hydroxide on the Pine Oil-water Inter- 

facial Tension 


Mg. NaOH in 100 c.c. HtO 

Interfacial Tensioz^ 

Dynes per Cm. at 15** C. 


1 11.2 

2.0 

8.7 

4.0 

6.4 

6.0 

7.3 

8.0 

6.6 

20.0 1 

, 6.2 

40.0 

5.2 

60.0 

4.4 

80.0 

4.3 

100.0 

3.3 


Harkins, using the drop-weight method of measuring interfacial tension, 
showed that sodium hydroxide has practically no effect on the tension of 
the benzene-water interface. He found that there was a drop in inter- 
facial tension of only 1 or 2 per cent, and then, for hi^er concentrations 
than O.OOIN, the interfacial tension rises with the concentration of the 
base. He thinks this very small drop is probably caused by the electro- 
capillary effect. The results of sodium hydroxide on the benzene-water 
interface given in Table 14 were obtained by the fllm method. 


Table 14. — Effed of Sodium Hydroxide on the Tension of a Bemene-water 

Interface 


Mg. NaOH in 

100 O.O. Water 

Interfadal Tendon, 
at20®C. 

Mg. NaOH in 

100 0 . 0 . Water 

Intufadal Traaion, 
at 20° C. 

0 00 1 

34.4 

13.8 

22.5 

2.33 

28.4 

18.8 

22.0 

3.47 

27.7 

22.0 

1 21.4 

4.50 

26,3 

24.8 

! 18.2 

6.70 1 

26.8 

28.0 

18.4 

6.70 1 

24.4 

37.0 

18.3 

7.76 

23.6 

107.0 

16.2 

9.90 

23.2 

626.0 

16.8 

11.6 

22.8 

1 
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T.uble 15. — Adsorption of Substances at a Hydrocarbon Oil-water 

Interface 


Adsorption of Cation, Adsorption of Anion, 

Gm* per Cm.* Gm. per Cm * 


Substance 


Found Value 


Calculated 
from Gibbs’ 
Equation 


f 

' Calculated 
Found Yalue I from Gibbs’ 
I Equation 

1 


saver nitrate 2.5 X 10-» 4.6 X 10-> | 2.3 X 10-* 

Potaasium chloride 6.0 X 10~* 1.7 X 10“> 10“* i 1.6 X 10“* 

Barium chloride 3.0 X 10“* not greater ; 1.6 X 10~* 

thanlO-* i 

Copper chloride 3.6 X 10-* 2.0 X 10-» 2 X 10-« j 2.0 X 10-» 


As Lewis points out, there is evidence of slight selective adsorption, 
the cation more than the anion, which he thinks is probably due to electri- 
cal effects as the oO is shown to be negatively charged and the potential 
difference between the oil and water is approximately 0.05 volt. The 
hydrocarbon oil used by Lewis was higUy non-polar, non-spreading, 
and inert toward water, as is evidenced by its high interfacial tension 
(45.81 dsmes) against water. Also all of the salts lowered the normal 
interfacial tension. The interfacial-tension concentration curves are 
given in Lewis’ paper. It would seem that, as far as emulsification is 
concerned, the film method is measuring what we are interested in know- 
ing, for bases certainly assist in the emulsification of benzene in water. 


Effect of Salts on Intejbfacial Tension 

Salts, such as sodium chloride, in small quantities have practically no 
effect on oil-water interfacial tensions, but in high concentrations they 
increase it noticeably, i.e., with reference to fresh surfaces. Eeynolds*^ 
gives for the intwfacisd tenaon of benzene against O.l/M, 1/M, and 5 /M 
solutions of NaCl, 34.9, 37.3 and 42.5, respectively. On the other 
hand, W. C. M. Lewis** gives data for the interfacial tensions of potassium- 
chloride, barium-chloride, copper-chloride, and silver-nitrate solutions 
and a hydrocarbon oil that diow that these salts lower the mterfacial 
tension. Table 16 is compiled from Lewis’ paper. 

Inasmuch as the foam imd surface alriniTningg of salt solutions are 
more alkaline than the bulk of suohsolutions and the surface tension drops 
on contraction of aged salt-solution surfaces, we might expect the tATipinT. 
of a salt solution-benzene interface to drop somewhat with age of the 
surface; this is the case but the decrease is very slight. Such substances 
as Na,CO, and NajBPO,, which are frequently used in flotation, lower 
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Table 16 . — Effect of Salts on Hydrocarbon Oil-water Interfadal 
Tension, from Lewis 


Substance 

Concentration, in 

Tension, Dynes 

i Gram-moles per Liter 

per Centimeter 


1 Normal water-oil 

1 

1 


tension 

1 52.0 

Silver nitrate 

' 0.04 

0 10 

47.3 

47.8 

Potassium chloride 

Barium chloride, saturated solution 34.00 per i 
cent, anhydrous 

i 


' 1.70 

15.48 

Copper chloride 

0.10 

1 

45.8 


the tension only slightly. They do, however, greatly affect the concen- 
tration of mineral suspensions in the interface. This was shown by 
agitating mineral suspension in the water phase with a wire loop. Galena 
readily collects at the interface of benzene-water containing sodium phos- 
phate, while sphalerite does not. 

Effects of Colloids on Interfacial Tension 

Experiments have shown that such substances as lampblack, colloidal 
clay, and finely powdered minerals have practically no effect on oil-water 
interfacial tensions. It is hardly to be expected, as they do not alter the 
free surface tension of water. 

Such substances as water-soluble soaps (sodium and potassium oleates, 
palmitates, etc.) should be expected to lower the tension at an oil-water 
interface, because they reduce greatly the surface tension of water. 
It is found, however, that the very small quantities required to lower 
the surface tension of the water to a point where the oil would not 
spread on it have practically no effect on the interfacial tension of the oil 
on the soap solution. Sodium oleate or potassium palmitate, up to 250 
mg. in 100 c.c. of water, has no effect detectable within the range of 
accuracy of the method used, which is from 0.1 to 0.5 dyne. Ten milli- 
grams of potassium palmitate in 100 c.c. of water reduce the surface 
tension to 45.5 dynes. On this solution, flotation oils do not spread; 
the interfacial tension for steam-distilled pine oil and this solution is 11.1 
dynes, which is only 0.1 dyne below that of the oil on pure water. This 
difference is, of course, insignificant. 

The interfacial tension of benzene on a 2.5-per cent, sodium-oleate 
solution was found to be 1.6 dynes per centimeter at 20® C. The surface 
tension of the benzene saturated with this solution was 29.5 and the sur- 
face tension of the solution saturated with benzene was 31.2, at 20® C. 
As soap has little effect on interfacial tension in quantities that correspond 
to from 6 to 10 lb. per ton in flotation practice, it is doubtful if any harm 
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they may do is to be attributed to emulsification. It must be remem- 
bered, however, that there is a concentration of these substances at the oil- 
water interface in even these concentrations but the rate is slow, as will 
be shown later. Harkins, Davies and Clark^® give the data in Table 17 
for the effect of sodiupi oleate on a benzene-water interface. That not 
all colloids lower the interfacial tension at a liquid-liquid interface is made 
clear by the figures given in Table IS, for a benzene-water interface, taken 
from Reynolds’ work. 


Table 17. — Effect of Sodium Oleate on Inierfacial Tension of Benzene- 

water 


Surface Teusion. 
in Dynes at 20® C. 


0.0000 

35.03 

O.OOSN 

20.63 

0.005N 

9.00 

0.007N 

5.85 

0.014N 

2.22 

0.03N 

2.06 

0.0436N 

2.09 

O.IN 

1.78 


Table 18. — Effect of Colloids on Interfacial Tension of Benzene and 

Water 


Solution i 

1 

! 

Interfacial Tension after 

15 Minutes 

1 24 Hours 

1 

W&ter 1 

34.4 


0.6 per cent, gdatine 

21.0 

19.9 

0.1 per cent, gelatine 

26.1 

23.4 

10 per cent, acacia 

32.9 

26.9 

6 per cent, acacia 

34.6 

29.9 

1 per cent, acacia 

j 36.3 

34.6 

0.5 per cent, tragacanth, 0-32« 

1 26.9 

19.2 

2 ’pes cent- aarowroot, 0.488*. 

2 per cent, patent starch 

! 36.3 

35,7 

1 36.3 

i 

36.3 


Sodium Oleate 


•Per cent, concentration after clarification. 


It is interesiii^ to note that h^ again the rate of adsorption is 
rather slow. The Ifi-miu. results were obtained by the drop-weight 
method, and the 24-hr. results by the capillaiy-rise method. The 


*« JtO. Am. Chem. Soc. (1917) S9, 588. 
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case of patent starch is interesting in that there is no change in tension 
with time; the explanation is probably in the nature of the sign of the 
electrical charge on these colloidal particles and on the interface. 

All of the colloid substances shown to lower the interfacial tension are 
detrimental in a flotation pulp. They hinder frothing by oils in that they 
decrease the spreading coefficient of the oil in the water; also, in that they 
probably hinder the active groups in the oil droplets from coming in 
contact with and spreading on mineral particles. Such substances, 
because of their strong adsorption properties, constantly intervene and 
prevent contact of mineral and oil and oil and water. 

Condition op Substances op Class 2(&), or Flotation Oils in 

Water 

A substance, such as a flotation oil, that spreads on water and, there- 
fore, contains groups in the molecules that are strongly polar, or soluble 
in the water, can exist when mixed with water in two possible combina- 
tions: (1) completely dissolved in the water; (2) partly dissolved with the 
undissolved portion emulsified in the water. 

Substances, such as amaroil and nujol,that do not spread on water and 
therefore have no polar groups can exist mixed with water in only one of 
two possible forms; (1) as droplets of the substance in water; or (2) as 
droplets of the water in the substance, depending on the relative propor- 
tions of the two admixed. 

Summing up the matter, substances of classes 1 and 2 (a), p. 677, when 
agitated with water in concentrations considerably above any used in 
flotation are in true solution, i.e., the soluble portion of the molecule 
easily predominates over the insoluble portion. Substances of class 2(6) 
are slightly soluble in water and it is a little difficult to determine exactly 
how they exist when mixed, in small quantities, in water. Substances 
in class 3 always form very unstable emulsions in water. It is unfortu- 
nate, for the flotation investigator, that it is with substances of this class 
that most of the work has been done, while little has been done on such 
systems as would result from mixtures of a polar substance in water, 
which are of special interest to us. 

We will eliminate from our consideration completely soluble sub- 
stances (class 1), as they form no interface with water, and completely 
insoluble substances (class 3), as they have hot yet found application in 
flotation practice, and confine ourselves to a study of substances falling 
in class 2(6), in which most flotation oils belong. 

Surface Tension-concentration Curves and the Condition of 

Oils in Water 

From surface tension-concentration curves of a number of flotation 
oils, Fig. 10, the following facts are evident: 

yOL. 
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For each substance, up to a certain concentration x* the surface 
tension is closely a linear function of the concentration. The ds/de 
values for the substances between zero and x concentrations are as follows : 


SrBSTANCi: 

Zucidyptus oil 

Pine-tar oil 

Green camphor oil — 
Hardwood creosote oil 
Caproic acid 


dafdc A.T 20° C. 

. .. 0.75 
. .. 0.90 
. 6.2 
. . 0.94 

. .. 4.8 


Beyond the points x, the surface tension decreases less rapidly with 
concentration and finally becomes independent of concentration and the 
surface tension-concentration curves run horizontally. Along this part 
of the line we have saturated surface films. 

The emulsions are quite stable for concentrations in the range for 
which ds/dc is constant. Little dfficulty is met in getting reliable surface- 
tension measurements by the film method within this range; beyond, 
where the adsorbed molecules or micellss begin to pack in the surface 
film, it is more dfficult to get reliable surface-tension measurements, even 
by circulation. If we wish to investigate concentrations beyond the 
point X, some other method must be used. 

The fact that the surface tensions of the substances for which curves 
are plotted in Fig. 10 are, for very low concentrations, linear fimctions of 
the concentration, seems to indicate that they are soluble in water or, 
if not soluble, in a condition that simulates a true solution. If they are 
not true solutions in these low concentrations, and there are indications 
in some cases that they are not, as they are turbid to the unaided eye, 
they are emulsions of oil droplets or aggregates of molecules or miceUse 
in water, the water being the continuous phase. 

Flotation oils have an effect on the surface tension of water entirely 
similar to soaps, such as sodium or potassium oleate and palmitate. 
Their effects are, however, less abnormal. According to McBain, 
soaps in colloidal solution, or in solution as molecular aggregates, are 
effective in lowering the surface tension in proportion to the size of 
aggregate or micellaB. Walker,^® who uses McBain’s ideas, makes the 
following statements: 

To bring this theory in line with facts, we must assume that very large micellas 
are not so active, weight for weight, in lowering the surface tension of soap solutions as 
those of moderate size. Therefore, if the size of the colloidal aggregates is increased 
beyond a certain limit, there is a falling off of efficiency, even though the surface con- 
centrations may remain high, such an assumption is reasonable in view of the fact that 
the special forces active in the surface layer only penetrate beneath the surface to an 
extent depending on the range of molecular action. Therefore, when the colloidal 


♦ See points ap, on curves Fig. 10. 

Surface Tensions of Salts of the Fatty Adds and their Mixtures, Jrd, Chem. 
Soc., London (1921) 119, 1521. 
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particles reacli dimensions which are large in comparison with molecular magnitudes, a 
falling off in efficiency must necessarily be expected. 

Walker then classifies micellae into: (1) small micellae eiEcient in lower- 
ing the surface tension, but difficult to chain to the surface on account of 
their relatively high osmotic pressure; and (2) large micellae inefficient in 
lowering the surface tension, but easy to chain to the surface on account 
of their relatively low osmotic pressure. Walker continues with this 
line of reasoning as follows: 

When the soap solution is extremely dilute, the concentration in the surface 
layer will be sufficiently small for the soap to consist mainly of simple molecules. As 
the concentration increases, complexes will increase in the surface layer, slowly at 
first and then with increasing rapidity. The more complexes are formed, the smaller 
will be the work required to be done by surface tension against the osmotic pressure 
in order to concentrate the soap in the layer ... As soon as the point is reached 
at which an increase in concentration is associated with an actual decrease in osmo- 
tic pressure, followed by a region in which the osmotic pressure rises slowly with concen- 
tration, a very rapid increase in the surface concentration must follow. One would 
therefore expect that the surface concentration would at first increase slowly with 
the volume concentration and then with increasing rapidity. 

That these expectations are realized is shown in the early part of 
Walker's surface-tension curves. 

This explanation seems to fit our case well. Reasoning by analogy, 
it is probable that at the point x on each curve, Mg. 10, which is not 
sharply defined, we have the beginning of the formation of rather large 
molecule aggregates, or droplets, as in the case of soaps, which have a 
relatively low osmotic pressure and which chain to the surface with less 
difficulty than molecules but with more difficulty than the larger a^e- 
gates or micellse that form with increase in concentration. In other 
words, the increase in size of the micellsB corresponds in a way to an 
increase in molecular weight of substances forming a homologous series. 

Striking support of this theory of the form of the oil in water is in the 
fact that noticeably turbid or colloidal solutions have true equilibrium or 
static surface-tension values. That is, emulsions can be circulated 
to points where the ^ount of oil, molecules or molecule aggregates, in 
the surface is in equilibrium with the oil in the volume. As soon, how- 
ever, as the concentration reaches a point where the aggregate particles 
become large, in comparison to a molecule, the osmotic pressure or the 
activity of the micellse becomes low and they chain easily to the surface, 
forming noticeable films on the solution. The concentration at which 
these films occur depends somewhat on the condition of emulsification 
or, in other words, on the degree of dispersion of the oil. 

In one case, it was found impossible to make a stable emulsion by 
simple agitation at ordinary temperature, 20® C. However, qmte stable 
emulsions of this same oil, namely, Morida Products Co. pine oil, 
could be effected by the same amount of notation at a temperature of 
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60® C. The reduction in surface energy at this higher temperature, 
which made a higher degree of dispersion possible, is no doubt the expla- 
nation. Also a stable emulsion of the same oil resulted when a layer of 
the oil was allowed to stand on water for several hours. By agitation at 
60® C., as much as 25 mg., and by' allowing the oil layer simply to rest on 
the water, as much as SO to 75 mg. of oil went into stable emulsion with 
100 c.c. of water. Perhaps the explanation is that the oil passes into the 
water phase first as single molecules which later aggregate, made possible 
by a fluctuating temperature, to form particles or droplets of oil of rela- 
tively few molecules in comparison to the droplets formed by mechanical 
agitation or dispersion. The turbidity- may be due to oxidation or 
hy-dration of the oil molecules. In concentrations of about 10 mg. in 
100 c.c. of water, the solutions were clearly- emulsions, as shown by the 
turbidity-. In a Tyndall cone, as little as 3 mg. in 100 c.c. of water 
showed turbidity. 

The ordinary- flotation oils in urater then are not truly completely 
soluble (if so, to a very limited extent), but when agitated and mixed 
with water exist as oil particles ranging in size from that of a single mole- 
cule to aggregates of many molecules. From a rather large number of 
obser^-ations, and with a variety- of flotation oils, the extent of the 
solubility could not be given as greater than 5 mg. per 100 c.c. of water 
or 1 part in 20,000; in most cases it is less than this. This may, however, 
simulate a true solution in much greater concentration. This is equiva- 
lent to 0.3 lb. of the oil in 3 tons of water in flotation practice. It thus 
appears that in flotation practice pine oils are, in the quantities used, 
completely soluble or so ^ely dispersed as to simulate true solutions. 
The overoiling condition is, possibly, the result of exceeding the concen- 
tration at which the oil can simulate a true solution, when there would be 
present in the pulp many relatively large aggregate molecules, low in 
osmotic pressure and thus chaining easily to the mineral-water surface 
when all substances would be oiled. 

From the surface-tension curves in Fig. 10, the concentration of this 
supposed overoiling for the several oils would no doubt occur at the point 
in the curve where the surface tension ceases to be a functon of concentra- 
tion and when the tension drops very slowly, or not at all, with concentra- 
tion and finally runs parallel with the concentration ordinate. Practical 
experience has repeatedly demonstrated that overoiling commences to 
show at about this concentration. 

Emulsification or Solution without Agitation 

That flotation oils are soluble in water or that they diffuse in water 
in the same manner as a soluble substance is shown in the following 
experiments: In each of anumber of bottles was placed 400 c.c. of distilled 
water; on the top of the water was poured alayer (about in. thick) of the 
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oils as listed in Table 19. Provision was made for withdrawing, from time 
to time, a part of the water layer for measurement. The bottles were 
allowed to stand for several days, portions being withdrawn from time 
to time and surface-tension measurements made. All surface-tension 
measurements were made at 20® C., but the temperature varied over a 
considerable range during the standing period. The results obtained 
are given in the table. 


Table 19 . — Diffusion of Flotation Oils in Water 


Surfaoa Tension after 
Hours of Contact 


Mgs. Diffused 
in 400 0.0. in 



1 

28 

48 


120 

i 144 

J 168 j 216 

aw ax . jjn- 

fusion Area 
240 1 36 Sq. Cm. 

Barret Co. No 2 coal>tar creosote. . 

71.4 

67.0 

i 1 

!64.0 j 

1 

65.8 

|65.9 

61.6 64.0 

164.8 



Eucalyptus oil 

52 0 

51 8 

148.2 

45.7 

{44.5 

43.4,43.6 

{48.6 

128 

0 

Cleveland Cliffs Co No 2 hardwood 





1 

1 j 

I 



creosote 

57.8 

53 7 1 

50.0 

46.1 

|45.4 

46.2144.3 

44.4 

1 62 

0 

Sunny South “C” d. d pine oil 

49.0 

47.2 

46.2 

45.9 

|45.6 

44.9'44.5 

44 5 

108 

0 

Qen. Naval Stor^ No. 5 s d pine . 





j 

1 1 

1 

1 


oil • - . 

44 0 

42 7 

42 1 

42.1 

141.6 

40.8'39.8 

140 0 1 

240 

0 

Oleic acid 

05 2 

66 2’ 

56.0’ 

61.01 

'j61.0’ 

41.7|49 8’ 

1 

49 0? 




The total nimiber of milligrams of the substances diffused in the water 
was determined by diluting 25 c.c. of the solution with water until its 
surface tension was well up on the reliable portion of the respective surface 
tension-concentration curves. Then, from a knowledge of the total 
number of cubic centimeters of solution and by reference to the curve, a fair 
approximation of the concentration was determined. All of the solutions 
appeared turbid after standing an hour or so, and in one or two cases the 
tTurbidity was very noticeable at temperatures between 25® and 30® C., 
while below 10® C. the solution appeared almost clear. As it was thought 
that possibly only certain soluble constituents of the substances were 
going into solution, several experiments were devised to check this point, 
if possible. 

Flotation tests, usiag emulsions of equal strength as prepared above 
and as prepared by agitation, were made. These showed no significant 
differences either as to grade of concentrate or recovery. Both were 
a little higher in the case of the emulsion by oil additions. 

By dilution of the emulsions resulting from diffusion, surface tension- 
concentration points were obtained; these are compared, in Table 20, 
with points on previously determined curves of the same concentration. 
The points faU sufficiently close to each other to make it appear as though 
the oil, and not a constituent of it, is diffusing into the water and that 
the degree of dispersion in these concentrations by agitation and by 
diffnaion is the same. Mineral adsorption tests using the emulsions 
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resulting from diffusion gave results almost identical with those obtained 
in previous tests on emulsions by agitation. 

Table 20. — CoinpnnsoH of Surface Tension, of Emulsions of Equal 
Oil Concentrations, the Emulsions Being Produced by 
Agitation and by Diffusion 


Surface Tension of Corresponding Concentra- 
tions, Mg. in 100 c c Water 



10 

20 

30 

i 

50 

General Naval Stores No. 5 pine oil: 






By addition 

65.8 

60 0 

56.0 

54.0 

52.5 

Bv diffusion 

Sunny South “C’’ pine oil: 

65.9 

61.2 

58.0 

54.6 

52.6 

By addition 

63 0 

58.5 

56.0 

54 0 

52.2 

By diffusion 

Eucalyptus oil: 

63 0 

58.5 ■ 

56.0 

54.0 

52.1 

By addition 

65.5 

60.5 

58.5 

! 52.0 

50.5 

By diffusion 

Cleveland Cliffs hardwood creosote: 

65.0 

60.4 

58.5 

52.0 

50 5 

By addition 

63.0 

55.0 ! 

55.1 

47.5 


By diffusion 

61.2 

65.5 , 

55.0 

47.3 

! 





According to the theory that the molecules of such substances as 
are here dealt with are made up of polar and non-polar groups, which leads 
to the theory" of orientation of molecules at an interface, there seems to 
be little reason why small aggregates of these molecules should not act as 
individual molecules. It is natural to assume, in the case of the emulsions 

formed by diffusion, that as the molecules 
cluster to form aggregates, the soluble portion, 
or polar groups, will be held against or drawn 
into the water phase and that the non-polar, 
or insoluble ends will be drawn together forming 
aggregates, as shown in Fig. 16. 

As the active portions of the molecule are 
probably on the siirface of the aggregate, it 
should behave as a large molecule. Also such 
an arrangement should give great stability 
of emulsification. Harkins*^ lays great stress on the fitting of molecules 
in the surface of droplets and emulsification. He believes that molecular 
orientation in the interface is a factor that determines the stability of 
emulsoid particles and also the sign and msgmtude of the electromagnetic 
charge at the surface of the drop. Droplets of substances, such as 



Fig. 16. — ^Hypotheiscal 

OIL UOLECULE AGGBEGATB, 


" Jfd, Am, Ghem. Soc. (1917) 89, 592. 
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benzene or parafl^ oil, that have no polar ends, and therefore no 
attraction for water, would be expected to have no effect on the surface 
tension of water; this is indeed the case. 

Experiments will be given later that throw additional light on the 
question of the condition of oil in water and probable explanations for 
oiling of mineral particles will be given. 

Coalescence op Liquii> Drops 

In the light of the new theories of the orientation of surface molecules, 
the coalescence of liquid droplets forms a most interesting subject. As 
flotation oils are only slightly soluble, the question is which portion, the 
soluble, the insoluble (droplets), or both, is effective in flotation. Writers 
have laid great stress on emulsification in flotation but until the recent 
paper by Taggart and Gaudin no data have been produced to show 
whether solutions or emulsions were worked with. 

Two kinds of emulsions may exist, or to put it in another way, liquid 
droplets suspended in a second liquid (water) may be prevented from 
coalescing by the intervention of films of a third substance and by electric 
charges, of similar sign, on the droplets. 

Liquid droplets of certain substances, such as benzene and parafl&n oil, 
can be emulsified in water only when there is present in the water phase 
a third substance which is adsorbed in the interface; in other words, 
substances that have no polar groups in the molecules cannot be emul- 
sified in the absence of a third adsorbable substance. When such an 
emulsion is produced, the droplets are relatively large and the sign and 
magnitude of the electric charge on them plays little or no part in the 
stability of the emulsion. This kind of an emulsion is not met with in 
the flotation process, for only substances possessing polar groups have so 
far been successfully used. 

Emulsions, the stability of which are dependent on electrical charges 
on the droplets and not on intervening films, are of special interest in 
flotation. It should not be understood, however, that in some cases films 
are not present, for if the pulp contains a contaminant that is rapidly 
adsorbed at the water-oil interface, we may have a coarse emulsion due 
to adsorbed films. Such emulsions are unquestionably harmful in flota- 
tion; acid may tend to destroy these films and thus be of benefit. But 
the kind of emulsion obtained, when small quantities of oil (concentration 
of about 0.0001 per cent.) are agitated in clean water, is particularly 
important, for the question arises as to the actual part played by the tiny 
electrically charged oil molecular aggregates. Are these aggregates 
available to assist oiling of minerals or is only the soluble oil, the amount 
of which is small, adsorbed? Part of this question will be discussed later 
but it is proper at this point to consider further the question of emulsion 
stability and electrical charge. Much has been said on this point but 
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there is little agreement among writers as to the origin of the electric 
charge that emulsoid particles are known to carry, and the magnitude of 
the potential for stabilit}^ and whether, for complete instability, it is 
zero or something a little above this. 

Electrical Cblvrge and Stabilitt of Emulsion in Relation to 

Flotation 

W. Claj"ton^ thinks we maj" accept the usual order of the diameter of 
emulsion globules as cm. That the charge on these droplets in water 
is negative is the common observation; also it has been determined that 
the potential difference between the oil globules and the continuous 
medium is 0.03 to 0.06 volt. x\ccording to the theory of the polar setting 
of the oil molecules at the droplet-water interface, the molecules at the 
oil droplet-water interface will be similarly oriented, therefore the sign of 
the charge will be the same on all droplets. 

K the drops are small, say 10”® to 10“^ cm., and if they are all 
negatively charged, the result will be great stability. Further, if the 
magnitude of this sign is decreased by the adsorption of a positive ion, 
the stability of the emulsion will decrease. That in acid solution the 
stability of an emtilsion is decreased is, then, due to the adsorption of the 
hydrogen ion, which has the effect of lowering the contact potential by 
neutralization of the negative charge at the polar ends of the oil molecules 
that are in contact with water. Clayton remarks: 

It was until recently thought that when the P.D. decreased to zero, the stability 
became nil, la., complete breakdown of the emulsion occurred. However, in 1914, 
Fowls showed that there was a critical potential, viz., 0.03 volt, at which an emulsion is 
most stable. If the P.D. be now made to decrease, coagulation follows with a velocity 
which is approximately the same for all values of the potential and the point of 
complete instability need not necessarily coincide with a zero potential. 

That emulsions of the concentration studied in this paper are any- 
thing else than emulsions of oil droplets in water as the continuous phase 
is hardly conceivable. Bancroft^ advances the theory that the substance 
of the h^er surface tension will be the discontinuous droplet phase. 
Harkins^ thinks that such an explanation has no meaning at all, but that 
the molecular orientation in the interface is the factor that determines 
the stability of emulsoid particles and also the sign and the magnitude of 
the electromagnetic field at the surface of the drop. 

We have considered emulsions of the type met with in flotation, 
namely, emulsions of extremely low concentrations of a more or less insolu- 


« The Modem Conception of Emulsion. Trans. Chem. Soo. London (May 31, 
1919) 87, 113-19. 

« “AppKed Colloid Chemistry.” N. Y., 1921, McGraw-Hill Book Co. 

^ JnL Am. Chem* Soc. (1917) 39, 593. 
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ble oil in water where the oil is the discontinuous phase or the droplets, 
the droplets being so small that the charge (negative) they carry accounts 
almost entirely for their stability. All substances falling in class 2(&) in 
very small quantities, from 1 to 30 mg. per 100 c.c. water, should 
therefore give, when agitated with water, emulsions of this type. 

The other type of emulsion, and with which we do not deal in the flota- 
tion process, is also one of oil-in-water, or water-in-oil, but the size of 
drop is so large that the electric charge on its surface has a negligible 
influence on its stability. Substances of class 2(&) in quantities consider- 
ably above 30 mg. per 100 c.c. of water give such emulsions. This type 
of emulsion is particularly produced when substances of class 3, which 
have high interfacial energy against water, are agitated with it. Such a 
substance can be emulsified in water only when a third substance is 
present. This substance may be finely divided solid colloids, such as 
water-soluble soaps, or ions. The adsorption of these substances in the 
interface prevents the droplets from coming in range of molecular attrac- 
tion with each other and also, through a lowering of the surface tension of 
the water, prevents the water film from contracting from between 
the droplets. 

As the stability of the type of emulsion of interest to us can be reduced 
only by the addition of positive ions, which react to neutralize or lower 
the potential at the interface, the following questions arise: 

1. Is the high potential detrimental in dotation and is only the soluble 
portion of the oil adsorbed by the mineral? 

2. Is there a repellent or an attractive action between these negatively 
charged oil droplets and electrically charged sulfide particles? 

3. Is sulfuric acid beneficial through some property to destroy this 
potential and thereby break up the emulsion? These questions and others 
win be further considered later. 

A few quotations from a recent patent^ granted to Eidsdale Ellis, 
which has just come to the writer's attention, wiU help bring out the 
importance of these questions as to the electric charge on liquid droplets 
and on ore particles suspended in water: 

Thus, certain types of dectrolytes give improved results when added prior to 
^'oiling” and other types better results when added after “oiling.’’ ... In pure 
water, an oil globule is strongly charged n^atively, a sulfide particle very weakly 
negativdy. Under these conditions, there is a sli^t electrical repulsion, add a salt 
of the type of sodium pyrophosphate and the negative charge on both oil globule and 
sulfide particle will be increased. On the other hand, if a small amount of acid is 
added, the potential of the sulfide becomes positive while reducing but not reversing 
the negative potential on the oil, under these circumstances electrical attraction occurs. 

In both cases, if the oil globule once comes in contact with the sulfide particle, it 
will probably spread substantially independently of the sign and magnitude of ^e 


«U. S. Pat. No. 1425186, 1922. 
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electrical charges on the two materials; but in the first case, it is relatively difficult to 
get the initial contact of the oil and sulfide and so allow the surface tension forces to 
come into play, in the other case it is relatively eas3'. Consequently as sodium 
pj'iophosphate tends to increase the negative charge of both oil and sulfide, it will 
inhibit “oiling” just as acids aid “oiling” by reversing the sign of the charge on 
the sulfide. 

The observation of the flocculated condition of mineral float when 
conditions are favorable to best flotation has often been made by those 
who have done flotation testing. This condition of the mineral floated 
is no doubt the result of the reaction between negatively charged oil 
droplets and positively charged mineral particles. For example, colloidal 
ferric hydroxide can be precipitated by means of an oil emulsion that is 
negatively charged. Considerable more evidence could be cited to show 
the importance of these theories of oiling. 

Effect of Watek-soltcble Soaps, Sodium, and Potassium Oleatb and 
Palmitate in Flotation 

soaps, in small quantities, are harmful in 
to 100 mg. per 100 c.e. water, soap has no 
effect on the tension of an oil-water interface 
and yet considerably smaller quantities 
lower the free surface energy of water to 
a point (about 40 dynes per cm.) where 
oil will not spread on it. On a surface of 
this tension, oil will form into lenticular- 
shaped globules on the surface of the water. 
Pine oil on a surface of soapy water behaves 
just as does Nujol on clean water; that is, 
pine oil is insoluble in water that contains 
enough soap to prevent its spreading on its surface. At a concentra- 
tion of soap in water, represented by a surface tension of 40 dynes, the 
inierfacial tension of pine oil is unchanged and the conditions are shown 
in Fig. 17. 

Possibly, at the interface, the concentration of sodium oleate corre- 
sponds to a fresh surface, in which case the interfacial tension wiU not 
be materially affected for Rayleigh has ^own that the tension of a solu- 
tion of sodium oleate in water for a surface 0.001 sec. old is practically 
that of water; his figures are: 


Generalls’, water-soluble 
flotation. In quantities up 



Fifl. 17 . — Spbeamngpobcesin 

OPJGBATION FOB A PIBB OH,. 


Tbnsioit 

e, ^ SUBPACB DtnBS 

^ SSBSTAirOB Ck>3rOBllTBATZOW STATIC DreTAMIC 

Sodium oleate 0 . 26 per cent Bolution 65 79 

Sodium oleate 2.6 per cent, solution 26 62 
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It is thus seen that the concentration of soap in water would have to 
be rather high before the interfacial tension would begin to drop. The 
quantities required to affect the interfacial tension of an oil-water interface 
are much greater than has been tried in flotation, but the quantity 
required to lower the surface tension of water is very small, a fraction of a 
pound in 3 tons of water will lower it approximately 30 per cent. This 
effectively prevents frothing or a concentration of the oil on the water-air 
surface. Water-insoluble soaps, as those of calcium and magnesium, 
were not found harmful, in the experiments conducted. 

Summary and Conclusion 

1. This section considers the reactions at the surface of contact 
between water and other liquids (oils) that are completely insoluble or 
only partly soluble in it. The problem is attacked from the point of view 
of interfacial tension, it being considered that adsorption of a substance or 
substances in the interface is always accompanied by a change in the value 
of the interfacial tension, 

2. Substances of possible value in flotation are classified into polar 
(soluble), non-polar or slightly polar (slightly to completely insoluble), 
and substances composed of both polar (or soluble) and non-polar (or 
insoluble) groups. Only those substances that contain polar, or soluble, 
ends have so far f oimd extensive use in flotation. Purely polar substances 
have been used to a limited extent while non-polar substances have not 
been used at all. 

3. Methods of measuring interfacial tension are discussed; the film 
method was used in this work. It is believed that this is the first 
application of the method to interfacial-tension determinations. It is 
a truly statical method and is especially well suited to the study of inter- 
facial tension as affected by time. 

4. Figures for the interfacial tension of a number of common substances 
in contact with water are given. The interfacial tension of water and oily 
substances is approximately equal to the difference in the surface tensions 
of the respective liquids saturated with each other; this is in accordance 
with Antonov's rule. 

5. Contrary to the recorded figures of Harkins and his coworkers, 
it was found that bases lower greatly the tension at a water-benzene 
interface and at water-oil interfaces in general. Hydrogen-ion con- 
centration determinations make it appear that this is due to adsorption 
of hydroxyl ions in the interface, as Bancroft has assumed is the case. 
The drop-weight method, used by Harkins and his coworkers, gives 
the tension in expanding, and therrfore relatively fresh surfaces, while 
the film method, used in this work, measures the tension in older surfaces. 
Surfaces of any age may be investigated; adsorption processes, in general. 
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are not rapid but take place over periods of several hours; this is particu- 
larly true of colloids. 

6. Acids and salts in small quantities have little effect on water-benzene 
and on water-oil interfacial tension in general. Data taken from some 
work of W. C. M. Lewis show that several salts lower the tension 
of a hydrocarbon-oil interface. Much stronger solutions were used than 
are conunon in flotation practice. 

7. Such substances as sodium dibasic phosphate, in the quantities 
used in flotation, have only small effect on the value of the interfacial 
tension of oils and water. 

8. It is believed that the condition of flotation oils, when agitated 
and mixed with water, is that of small aggregates of oil molecules ranging 
in size from one molecule to aggregates of a hundred or so. The size of 
the aggregates depends on the concentration of oil in water. It is believed 
that the small droplets are effective in lowering the surface tension of 
water in some inverse relation to the size of the droplets, and that the 
stability of emulsions of low concentration is due to electrical charge on 
the tiny oil droplets and that the sign and magnitude of the charge are 
important factors in flotation. 

9. Flotation oils diffuse into water, if poured on the water surface, as 
is shown by surface-tension measurements on the water phase. The solu- 
tions thus formed are truly colloidal, as is evidenced by a decided turbi- 
dity, after standing a couple of hours. Such solutions were also shown to 
give constant surface-tension values on circulation. 

10. Emulsions of oils in water are classifled and the factors causing 
stability considered. It is bdieved that emulsions, the stability of which 
are dependent on electrical charges on the droplets and not on intervening 
films, are of ipecial interest in flotation and further that this type of 
emulsion is formed when flotation oils are a^tated in water. 

11. The question of the electrical charge on oil droplets in its relation 
to oiling of certain mineral particles in a flotation pulp is considered. 
It is believed that the sdective oiling of mineral particles is the result of 
favorable electrical charges on the oil droplets and on certain mineral 
particles. Some evidence is pven to support this view. When the elec- 
trical chaige on the oil droplets and the charge on the mineral particles 
are the same and of sufficient magnitude, there is no oiling of such particles : 
while if the charges on the oil droplets and on the mineral particles are 
opposite in sign, oiling of the mineral particles will be greatly facilitated. 
This seems to be the condition of sphalerite and galena particles in 
phosphate solutions, where we get flotation of galena and not of 
sphalerite. 

12. Colloids of the wat6a>^oluble type, such as soaps, in amall qiianti- 
ties lower water-oil interfacial tension on^y slightly. The tension, how- 
ever, drops slowly with age of Ihe interface. Amounts up to 1 and 2 
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per cent, in solution markedly lower the tension ; the extent of the decrease 
is a function of time. 


SUEPACE REAC5TIONS WITH SPECIAL REFERENCE TO THE ELEC- 
TRICAL CHARGE ON MINERAL PARTICLES* 

That solids in contact with a gas or liquid actually have surface energy 
is generally agreed, but there is no experimental method by which this 
can be measured. That certain substances, either dissolved or mechan- 
ically suspended in water, and ions are adsorbed at the surface of mineral 
particles, if agitated in the water containing these substances, has been 
proved experimentally as data given here will show. Granting Freund- 
lich’s conception that all adsorption is accompanied by a lowering of the 
surface energy of the adsorbing phase, this implies a free surface energy 
at the surface of the solid. 

All of the minerals met with in concentration processes, sulfides and 
those commonly referred to as gangue minerals, possess the power of 
adsorbing ions and molecules, from aqueous solutions, to a marked extent; 
the difference in the case of oily substances is in degree only. The 
sulfide minerals, in general, have considerably larger adsorption capacities 
than gangue minerals and, for a given constituent, the order of the 
sulfides, in their adsorption capacities, is very definite. This is also true 
for gangue minerals. The order of the minerals, in general, is changed if 
the chemical structure of the “oil” molecules or certain polar groups in 
the molecules are changed. The presence, in the solution, of a small 
nmnbCT of free ions, as a result of dissociation of electrolytes and hydroly- 
sis, will also alter this regular order of things. From what has been said, 
our problem is strictly one of colloid chemistry; and as this field is so 
complex, we cannot expect any early and completely satisfactory explana- 
tion of the flotation process. 

On this point W. C. M. Lewis** states: “Colloid chemistry as a 
science is in a rdatively rudimentary state, . . . Our information 
about colloid systems is disjointed, and we meet with phenomena which in 
our present state caimot really be explained.” He believes, however, that 
the work of Langmuir and of Harkins marks a radical change in our view 
of the origin and basis of capillarity. The researches recorded in this 
paper have been an attempt to analyze the flotation question in its 
different phases and the experiments on certain of the phases have only 
opened up possibilities. 


* R. Jourdan and E. Zange, Fellows in Metalluigy, School of Mines, Univeisity of 
Idaho, are oo-authois of this section. 

** Properties of the Colloid State and Th^ Application to Industry. Jnl. Chem. 
Soc. (1919). 
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Suspensions of Minerals in Water 

Experiments have shown that many, if not all, colloid particles, and 
consequently interfaces in general, are electrically charged. The stability 
of a colloidal dispersion ha s thus been frequently ascribed to this fact of 
electrical charge, the removal of the charge being one of the causes of 
instabilit}" and coagulation. 

In the flotation process, we deal with particles that range in size from 
those that will pass a 48-mesh screen (0.295 mm.) to particles so small 
that they approach true coUoidal size. Although the mineral particles 
are not usually regarded as colloidal suspensions, we are dealing with the 
same kind of an interface that has been shown, in the case of minerals, to 
be electrically charged. The charge per unit area is probably of the 
same order of magnitude as that on the surface of true colloidal particles, 
but it manifests itself to a less extent, due to the relatively great size of 
the particle in comparison to the magnitude of the charge. The smaller 
the particle or the greater the total surface energy of a system, the more 
active it will be. 

It is a little difficult to account for the stability of a suspension in water 
by any factor other than that of the electrical charge on the particles; 
there is a mass of evidence that could be cited in support of this theory. 
Perhaps the best recent contribution relating closely to this subject is 
that of Mukherjee.^^ Other theories for the stability and flocculation of 
colloidal suspensions have been advanced; in these Brownian movement 
and adsorbed viscous films have been stressed. There is little doubt 
that Brownian movement does play a minor role in both dispersion and 
flocculation but it does not seem to be capable of very great extension. 
On the other hand, one has only to work with suspensions of various sub- 
stances in aqueous solutions of various electrolytes to be convinced of the 
importance of ion adsorption in its relation to peptization (or defloccula- 
tion) and flocculation. 

For a suspension of a particle of a given composition and for a given 
dispersion, the electrical charge will be positive or negative. The parti- 
cles will be similarly charged with respect to sign and they will exert a 
strong repellent action on each other, thus preventing their coalescence or 
flocculation. Permanency of a suspension would therefore be in direct 
relation to the magnitude or intensity of the electrical charge on the sur- 
face of the mineral particles; when this charge is relatively great and the 
particle is small the particles will be strongly peptized in the suspension 
medium. Any reduction in the magnitude of this charge would result in 
decreased stability or in a tendency to flocculate; and the tendency 
to flocculate would bear a relation to the reduction in the intensity of the 
electrical charge. When the potential becomes zero, or what is called 


« The Adsoiption of Ions. PhiL Mag. (1922) 44, 321. 
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the isoelectric point, complete flocculation or maximum instability will 
be the result. The peptizing or flocculating effect of an electrolyte on a 
suspension may thus serve to give a qualitative idea of the adsorption 
of ions on the suspended particles. 

Cause op Electrical Charge 

No satisfactory explanation as to the origin of the charge has been 
given, but considerable progress is being made in this direction. The 
older, and what may be called the physical theories of adsorption are 
giving way to chemical theories of adsorption. The chemical point of 
view has been put clearly by Langmuir^® and is being vigorously developed 
by other investigators. The chemical theory has the advantage that it 
explains much more satisfactorily the specific nature of adsorption process. 

According to Murray,^® the general opinion as to the cause of the 
charge is divided under three heads: 

1. That the charge is due to ionization of some foreign substance 
present in the colloid at the moment of formation. 

2. That the charge is due to the actual ionization of the colloid itself. 

3. That the charge is due to the preferential adsorption at the surface 
of the coUoid of ions present in the dispersion medium. 

In support of the third view, which seems to be the one most generally 
accepted by recent writers, Hardy found that albumin is positively charged 
in acid solution, negatively charged in alkaline solution, and neutral in 
pure water. Murray seems to think that this supports the theory that 
the charge is due to adsorption of hydrogen or hydroxyl ions. 

Mukherjee states: 

The initial charge of a surface with pure water can be due either to the strong 
adsorption of an ion of a minute quantity of suitable electrolyte associated with the 
solid, or to the adsorption of hydroxyl ions from water. 

Ridsdale EUis®® says : 

Whether the metaUiferous matter is principally oxide, carbonate, or sulfate, the 
tendency is for the metalliferous salts in such matter when in contact with water to 
become hydrated and give off carbonic, sulfuric or other acid which goes into solution 
in the immediate neighborhood of the surface of the material, and if a suflBcient quan- 
tity of hydrogen ions are so liberated they give a positive charge to that surface. 

These observations are important and seem to be supported by hydro- 
gen ion concentration determinations recorded later in this paper. 
That the part played by this charge, or potential, that exists at all phase 
boundaries is of great consequence cannot be denied if we are to accept 
the modern theories of matter or of the atom, of valence, and of chemical 
union of elements in general. 

« JnZ. Am. Chem. Soo. (1916) 38, 2221; (1917) 39, 1848. 

« Sd, Progress (1920) 15, 234. 

•®jLoc. cU, 
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The electromagnetic stray field surrounding the atoms exposed at the 
surfaces of minerals is, no doubt, important and different in intensity for 
different minerals. Ryschkewitsch® ^ says : 

The difference of adsorption on gangue minerals and metallic minerals is due to 
difference of structure. The space lattice of gangue minerals is made up of molecules; 
that of metallic minerals, of atoms. The metallic minerals, therefore, have a residual 
valence or unbalanced static force at the surface which is responsible for adsorption. 

This statement is interesting but that the space lattice of gangue 
material is made up of molecules is not generally believed. In support 
of this view may be given the following statement by Wilson.®* 

It is probable that every substance possesses a certain amount of residual 
valency at the surface which tends to cause it to combine with substances approach- 
ing its surface. As in chemical combination in general such combinations are 
probably selective. 

Effect op Electrolytes on Mineral Suspensions in Water 

That chemicals modify flotation conditions and, when properly used, 
are of great value in flotation is well known. To obtain the best results, 
it is necessary to regulate fairly closely the quantity of chemicals used and 
to use them at the proper stage in the process. The nature of the surface 
(solid-liquid) reactions bringing about these modifications opens an 
interesting and important question and one that has received little, if 
any, attention. Ridsdale Ellis* states: 

With the majority of ores, the most important function of electrolytes in aiding 
flocculation appears to be the production of favorable dectrical conditions. In this 
respect, it is not the molecules of the electrolyte that are active but the ions produced 
by the dissociation of the electrolyte when di^lved in an ionizing fluid such as water. 

. . . In these operations electrolytes may act in four amongst other ways: First, in 
determining the readiness with which the oil can come into physical contact with the 
particles of sulfide. Second, in changing the readiness with which the oil after contact 
with the particles of such sulfide will spread over the surface of the latter and the 
tenacity with which the oil adheres to the sulfide particle. Third, in determining the 
readiness with which the gaseous bubbles can come into physical contact with the oiled 
XwrtioleB of sulfide. Fourth, in changing the readiness with which the oil after contact 
with gaseous bubbles will spread over the surface of the latter. 

« The Fbtation Process of Ore-Dressing. Chem. Ztg, (1921) 45, 478. 

w Theory of Colloids. Jr\L Am. Chem. Soc. (1916) 38 , 1982. • 

* Ellis’ patents, copies of which came to the writer’s attention after thfa paper had 
been written, are unusual in many respects. In these patents a theory of flotation is 
developed which is similar, in many ways, to that set forth in the present paper. It is 
what may be called strictly an electrical theory, in which **oiIing” of mineral particles 
is dependent on the attraction of negatively charged oil droplets for positively charged 
mineral particles as the main factor in bringmg about the mit.Tfl.1 contact between oil 
droiflets and mineral particles. The jopposiie charges on oiled mineral particles and 
bubbles are also given considerable importance. The function of chemicals is to control 
the sign of these electrically charged particles. 
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The changes produced by electrolyses in any one or more of these 
ways may be the result of (a) changes in the electrical conditions; (6) 
chemical changes at the surface of the particle to be floated; (c) changes in 
surface tension due to adsorption of the electrolyte at the oil-water, par- 
ticle-water, or air-water interfaces. 

Before continuing with this question it is well to mention those 
chemicals that have marked effects when added to flotation pulps and 
which have been most successfully used commercially in the process. 
Of the strong acids, sulfuric acid, H2SO4, is the only one that has been 
used to any extent. In the quantities used (say, from 0.05 to 0.2 percent, 
solutions) it is completely dissociated, adding to the water a great excess 
of hydrogen ions. Its addition to a pulp in many cases results in cleaner 
concentration, i.e,, an increase in the selective action of the oil for the 
sulfides over the gangue minerals. It is often used to bring about a 
“reflotative” condition of sphalerite which has been dropped by the 
addition of a chemical such as sodium carbonate for ajselective recovery 
of the galena. 

Copper suKate, CUSO 4 , which is a salt of a strong acid, H 2 SO 4 , and a 
weak base, Cu(OH) 2 , is no doubt completely dissociated in the concen- 
trations used in flotation and produces an acid solution. Copper sulfate 
has a marked chemical action. With zinc ores, its use is very beneficial, 
particularly in floating zinc sulfide (sphalerite) that has been dropped in the 
lead-flotation cells. With pyrite ores, it is deleterious. The action of 
copper sulfate on zinc ores is generally believed to be due to the formation 
of a very small amount of copper sulfide on the surface of the particles of 
blende, because the zinc being more electronegative than copper tends to 
replace the latter in solution. The electrochemical action of copper 
sulfate is further indicated by the fact that the same or similar results 
can be obtained by inserting a copper plate into the flotation cell. This 
theory of the action of copper sulfate on sphalerite has never been shown 
conclusively, experimentally, and therefore may be questioned. This 
would be an easy point to clear up. In a silver-nitrate solution, sphalerite 
readily takes on a coating of silver sulfide, as shown by the appearance 
of the particle. 

Experience has shown that a slightly acid pulp is alwayB beneficial 
to zinc-ore (sphalerite) flotation. Sulfuric acid sometimes gives the 
desired condition and sometimes both acid and copper sulfates give the 
best condition. There is a possibility that the hydrogen-ion concentra- 
tion of the pulp is the important factor. These solutions no doubt charge 
the sphalerite particles positively, as this seems to be the state of condi- 
tions required for the flotation of sphalerite. They are negatively charged 
in neutral and alkaline solutions. 

Sodium carbonate, Na2C08, and sodium dibasic phosphate, Na 2 HP 04 , 
are conspicuous in the field of differential flotation. Each of these, and 

Toifa xaac.--45 
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particularly the latter, has the property of preventing sphalerite in 
lead-zinc sulfide ores from floating and of increasing, to a slight degree, 
the flotation property of the galena. These are salts of a strong base 
(XaOH) and of a weak acid (H2CO3 and H3PO4) and in solution they 
dissociate to give an excess of hydroxyl ions and therefore an alkaline 
solution. In the dissociation of soditim dibasic phosphate, the hydrogen 
ion probably associates itself with the HPO4 ion to form orthophosphorie 
acid, H2PO4, although the HPO4 ion may be dissociated into H+ and P 04 “ 
to a very slight extent. Abbot and Bray axpress the hydrolysis of 
Xa2HP(34 as follows: 

2Xa+ + HPO4- - + H2O = 2Na+ + H2PO4- + OH" 

A 0.2 molar solution of the sodium dibasic phosphate is 51.2 per cent, 
ionized at 18® C. In amounts commonly used in flotation it is almost, if 
not completelj”, dissociated. As will be pointed out later, it is quite 
probable that sphalerite adsorbs either hydrogen or sodium ions. 

Particular^' striking separations of sphalerite and galena from lead- 
zinc sulfide ores can usually be obtained with from 2 to 4 lb. of these 
reagents per tons of ore. The property to do these things in flotation 
seems to be specific with these compounds, as it is not generally true for 
salts of a strong base and a weak acid. For example, potassium or sodium 
cyanides'* which give alkaline solutions have not proved of value and, as 
will be shown, it cannot be due merely to the excess of hydroxyl ions in 
solution as a result of hydrolseis, as alkaline solutions of NaOH of the 
same hydrogen ion concentration act differently. 

From what has been said above, the following questions arise: 

1. Why do such substances as Na 2 HP 04 and Na 2 C 03 , to the extent 
of from 2 to 6 lb. per ton of ore, hinder the flotation of sphalerite, ZnS, 
and have practically no effect on the flotation property of galena? 
Neither of these substances, in the concentrations used, has any appreci- 
able effect on the surface tension of water or on the tension of an oil- 
water interface. 

2. Why for example, does copper sulfate, when added to the aqueous 
ore pulp from which the galena Im been floated by a previous addition 
of one of the above substances, cause the sphalerite «. gn.in to 
become flotative? 

3. Is the stability or instability, or the sign and magnitude of the 
electrical charge on suspensions of minerals in add, alkaline, or neutral 
solutions, rdated in any way to the ease of flotation of these minerals ? 

In the writings of several persons who have done flotation testing, may 
be found the observation that the condition of flocculation of the mineral 

« U. S. Pat. 1427235, recently granted to Scheridan and Zrizwald of Butte, Mont., 
calls for the use of a cyanide in conjunetktn with a caustic allraJii or alkali carbonate! 
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seems to be an essential condition for its flotation. G. J. Young®* says: 
^‘That before a froth can be formed, it is necessary to have conditions 
present that will permit of flocculation of the mineral particles,” such 
conditions being brought about by the ‘‘addition of an electrolyte.” 
Although he fortifies this statement with experiments, C. C. Smith and 
A. R. Pickett®® disagree with him and to support their views give tests 
that are as convincing as those of Young. 

H. L. Sulman®® makes the following unqualified statement on 
this question: 

Oxidized ores of lead and copper without the intervention of any sulfide-filming 
process are being treated commercially, while recent research has shown that other 
oxide minerals, such as cassiterite, may be flocculated and thereafter floated; even 
gangue minerals betray distinct differences in their tendency to float or to remain 
wetted and sunken. Flocculation of a substance in the state of true suspension is the 
step antecedent to its flotation, hence the problem in all cases is to secure selective 
or differential flocculation of the mineral it is desired to float. 

Without regard to these statements, which contain no reasons why 
the condition of flocculation should be beneficial and necessary for flota- 
tion, experiments have been made to find, if possible, answers to the 
above questions. 

The experiments of Young mean nothing relative to flocculation, for 
his solutions were not of the strengths used in flotation. They were so 
strong in NaOH that both the surface tension of the water and the oil- 
water interfacial tension were so low that froth flotation could not be 
expected. However, with this problem we have as a good starting point 
the fact that the differential separations we have been able to obtain are 
the direct results of the use of certain chemicals. 

Flocculation, Peptization, Electbical Chabge, and Flotation 

If, as we have assumed, the stability of suspensions of mineral particles 
in water is due to the electrical charges on the particles, and there is 
considerable evidence in the literature which favors this hypothesis, 
wo should be able to estimate, roughly, the magnitude of this charge by 
observing the extent of flocculation or peptization or, in other words, the 
stability or instability of the suspensions. We should also be able to 
correlate roughly the flotability of minerals with the degree of stability 
of their suspensions and thus with the electrical charge on the particle. 

Absolute experimental confirmation of such a correlation is difficult 
because the exact degree of flocculation or peptization of a mineral sus- 
pension that has been brought about by the addition of a chemical cannot 

M \yiiy Minerals Hoat. Eng. & Min. Jnl. (1918) 106, 1127. 

Flooculation in Flotation. Eng. & Min. JnL (1919) 107, 365. 

•• A Contribution to the Study of Flotation, I. Min. ijb Sg. Pr. (1920) 120, 14. 
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be determined. Furthermore, a number of factors, such as specific 
gravity, etc. miist be taken into consideration. However, fairly approxi- 
mate ideas of the effects of chemicals can be had by observing the rate of 
settling in tubes of given diameter and length. Another way is to observe 
through a microscope (a binocular microscope was used) the size of the 
floccule. This method is better when the minerals sphalerite and galena 
are being compared. The effects of a number of chemicals on mineral 
suspensions were observed and the results are recorded in Table 21. 
The mineral powders were produced by prolonged dry grinding in a small 
porcelain pebble mill; 0.1 per cent, solutions were used in all cases. 


Table 21 . — Effect of Chemicals on Stability of Mineral Susj>ensions 

in Waier 


No. 

Coznpf^ond 

Sphalerite 

Galena 

, Quarts 

Pyrite 

Sidente 

1 

Plain suspension 

I 

FW 

1 

■ FW 

PW 

FW 

FW 

2 

NajaPO, 

PS 

' PM 

PW 

FM 

PS 

3 

NasCOt 

; PM 

FW 

PW 

FS 

PS 

4 

NaaCOi •— Na 2 HP 04 

PS 

: PW 

PW 

FM 

PS 

5 

CuSO« 

' FW 

FW 

PW 

FW 

FM 

6 

H,S04 

FW- 

FW 

. PW 


FW 

7 

' HsSOi — Na2HP04 

i FM- 

1 FW 

; PW 


FW 

8 

CuSO. - NasHPOi 

' FS+ 

FS 

! FS 

FS 

FS 

9 

Ha 

FM 

FW 

PW 

FW 

PM 

10 

. KCN • 

PM 

1 PW 

PW 

PM 

PW 

11 

NH 4 SCN 

] FM- 

: PW- 

PW 

FW 

PW 

12 

Sna, 

; PM 

j PM 

PW 

FW 

PM 

13 

, caa, 

i FM- 

i FW 

FW- 

FW 

FW 

14 

CdS 04 

1 FM 

FM- 

FW- 

PW 

FW 

15 

K pahnitate j 

1 FW 1 

FW 

PW 

FS 


16 

i Na oleate ' 

FM+ 

FM+ 

PW 

FM-h 

FS 

17 

Ivory soap 

FMH- 

FM 

PW 

1 

FS 



P, peptize, W, weak S, strong — , miTinp 

F, flooonl&te, M, medium plus 


The data show how diff^ently the various mineral suspensions are 
affected by the same chemical and by different chemicals. The differ- 
ence in the rates of settling or degree of flocculation or peptization is 
due no doubt to selective adsorption of ions from the water. Suspensions 
that show greatly increased stability or which are peptized on the addition 
of a ch^cal have no doubt adsorbed more ions of the sign of the charge 
already existing on the surface of the particles. Suspensions that show 
decreased stability or increased flocculation have no doubt had a part or 
all of the charge on the particle neutralized by the adsorption of ions of 
opposite sign. 
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In several instances the suspensions were stabilized to the extent that 
no settling of particles was detectable after several hours standing. The 
most permanent suspension of the sulfide minerals resulted when powdered 
sphalerite and chalcopyrite were added to very dilute phosphate 
solutions. The next most permanent suspensions were for sphalerite 
and chalcopyrite in sodium-carbonate solutions. Both of these chemicals 
retard greatly the flotation of sphalerite when lead-zinc ores are being 
treated. They seem to have very little effect, except to increase the 
recovery, in some cases, on the flotation of the galena. In settling tests 
some, but no very striking, effect of these two chemicals on galena was 
observed; the stability was slightly increased in the case of the phosphate 
solution and slightly decreased in the case of the sodium-carbon- 
ate solution. 

There is evidence that seems to point to a relation between peptiza- 
tion, flocculation, and flotation. In this particular case, the peptized, or 
highly electrically charged, condition seems antagonistic to flotation as the 
flotation of sphalerite is effectively prevented in such solutions. This, 
however, does not appear to be always the case and it brings up the ques- 
tion of the sign of the charge on the particle and on the oil-molecule aggre- 
gate. The best recoveries of galena ore are usually obtained in a slightly 
alkaline pulp, using particularly Na2B[P04 or Na2C08, yet galena particles 
are slightly pel)tized in phosphate solutions, and strongly flocculated 
in slightly acid solutions. Galena also floats, but less completely, in 
acid solutions, e.c., its flotative property is not completely destroyed 
in acid solution. 

That oil droplets in alkaline solution adsorb hydroxyl ions is, probably, 
not to be questioned for bases lower the interfacial tension of flotation 
oils against water, and it is thought that, in acid solutions, the hydrogen 
ion is absorbed. We would then have oil droplets positively charged in 
acid solution by adsorption of hydrogen ions and negatively charged in 
alkaline solution by adsorption of negative hydroxyl ions. Then, in the 
case of sodium phosphate, which gives alkaline solutions, the oil droplets 
would be negatively charged, which in turn repel negatively charged 
sphalerite particles and attract positively charged galena particles. 

Experiments were designed to determine, if possible, if ions were being 
adsorbed by the minerals suspensions, particularly in the case of chemicals 
that show definite effects in flotation. 

Experiments Based on Hydrogen Ion-concentration Determination 

The acidity or alkalinity of an aqueous solution is a function of the 
relative number of hydrogen and hydroxyl ions present. Any aqueous 
solution in which there is an excess of hydrogen ions over the hydroxyl 
ion is said to be acid, and vice versa. True neutrality exists in a solution 
when the hydrogen and hydroxyl ion concentrations are 10 "^*®^ g.-ions 
per liter at 18 ® C- Such a hydrogen-ion concentration is denoted by Ch = 
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7.07. In this paper, for greater ease in notation, intensity of acidity is 
regarded as a function, not of the hydrogen-ion concentration, but of the 
logarithm of the reciprocal of the hydrogen-ion concentration. Acidity 
and alkalinity are thus, as is usually done in this kind of work, given in 
terms of pH; a neutral solution has a pH value of 7. 

It is to be noted that the hj’drogen-ion concentration and not titrat- 
able acidity is desirable. The ordinary titration methods would be of no 
value in determining the acidity of solutions after treatment with minerals 
for, in some cases, we work with salts that render the solution acid or 
alkaline through hydrolysis. 

The colorimetric method was considered sufidciently accurate for a 
reconnaissance of the field, which the work to follow is considered to repre- 
sent. It is a method much used in biological and soils laboratories and is 
rapid and fairly dependable. It is not absolute, however, but shows 
that the hydrogen-ion concentration of an unknown solution is approxi- 
mately that of a particular standard, which was accurately determined 
by the more fundamental electrometric method. The colorimetric 
standards and indicators used were those recommended by Clark 
and Lubs.®^ 

One of the interesting and significant facts brought out in the work on 
hydrogen ion-concentration determinations was that ordinary laboratory 
distilled water, unlike tap water, is never neutral but always well within 
the acid range. This indicates the presence of some substance, such as 
carbon dioxide, in this distilled water that lacks the buffer action of the 
suspended material and salts in tap water and brings out a point to be 
considered when mineral samples are washed with distilled water, 
previous to treatment in other solutions, and in determining their oil- 
adsorbing capacities which would no doubt be affected by the presence 
of the excess of hydrogen ions. Proper consideration of this point was not 
taken in jnineral-oil adsorption experiments recorded later in this paper. 
However, the experiments were made under similar conditions in 
this respect. 

The method of determining the ion adsorption of minerals from 
aqueous solutions of salts, acids, etc. by hydrogen ion-concentration 
determinations is believed to be a powerful tool for looking into the 
mechanism of controUing agents in flotation. Both the direct and 
indirect removal or shifting of hydrogen or hydroxyl ions or other ions 
by adsorption on minerals will be indicated in an increase or decrease in the 
pH value of the solution. As far as is known the method has never been 
applied to the study of flotation, notwithstanding that it is widely 
used in researches on soils and in biolo^cal investigations. 

*'Win. Mansfield C3ark and H. A Labs: The Colorimetric Determination of 
Bydiogen-ion Concentration and its Application in Bacteriology. Jtd. Bact. 
(1917) 2, Pt. I, H, IIL 
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Experiments on Adsorption of Ions at Surfaces of Mineral 

Particles 

Solutions of a number of substances (electrolytes), of known pH 
value, were treated with powdered minerals and the hydrogen-ion con- 
centrations again determined after treatment. With regard to the results 
given in Table 22, it is to be noted that definite changes in hydrogen-ion 
concentration have resulted from agitation with certain minerals. 


Table 22. — Showing Change in HydTogenr4on Concentration of Various 
Solutions^ When Treated with Different Minerals 


Solution 

strength 

Mineral 

Grams 

Mesh 

Blank 

Residual 

Solution 

CuS04 

20 c.c. N/40 in 230 
c.c. dis. water, or 
equivalent to 0.00032 
per cent, solution 

PbS 

1 

20.0 

-200 

4.7 

5 0 

CuS04 

tt 

FeS, 

13.0 

-200 


4.7 

CuS04 

it 

ZnS 

10.8 1 

-200 


6.0 

CUSO 4 

tt 

SiO, 

8.0 

-200 


4.8 

NaaHPOi 

20 c.c. N/40 in 230 c.c. 
dis. water, or equiva- 
lent to 260 c.c. 03.3 
per cent, solution.... 

PbS 

20.0 

-200 

7.9 

8.5 

Na2HP04 

tt 

FeS, i 

13.0 

-200 


7.8 

NaaHP04 

tt 

ZnS 

10.8 

-200 


7.8 

NaaHP04 

tt 

SiO, 

8.0 

-200 


7.8 

NaCl 

20 c.c. N/40 in 230 c.c. 
dis. water, or equiva- 
lent to 0.000114 per 
cent, solution 

PbS 

20.0 

-200 

4.9 

6.1 

NaCl 

tt 

FeS, 

13.0 

-200 


4.6 

Naa 

tt 

ZnS 

10.8 

-200 


6.3 

NaCl 

tt 

SiO, 

8.0 

-200 


5.2 


Note. — Solutions were agitated with minerals for 5 min. and the mixtures were 
allowed to stand until the suspension had settled well away from the surface when 
samples were pipetted out for test. 


Samples of galena, pyrite, and sphalerite (in quantities as listed in 
the table) were agitated in 250 c.c. of distilled water taken from a large 
glass carboy, which contained the distilled water xised in these tests. The 
pH value of the water before and after treatment with minerals is given 
in Table 23. Then 230 c.c. portions of tap water, to which 20 c. c. N/40 
NaCl (c.p. salt) had been added, were treated with the regular quantities 
of the various minerals with the results shown in Table 24. 
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Table 23. — Effect of Mineral Particles on pH of Distilled Water 



pH Values 

Sample 

Set 1 

Set 2 

Galena 

5.5 

5.4 

i*yrite 

...... .. 4.3 

4.3 

Sphalerite 

5.9 j 

6.9 

Distilled water 

5.2 

5.2 


Table 24. — Effect of Mineral Particles on pH Value of Salt Solution 


pH Values 


Sample 

1 Set! 

) 

Sets 

Tap water 

! 7.1 

7.0 

Blank (salt solution) 

j 7.3 

7.3 

Galena plus blank 

; 7.1 

7.1 

Pyrite plus blank 

6.6 

6 7 

Sphalerite plus blank 

7.3 

7.3 

Quartz plus blank 

1 7.3 

1 

7.3 


PortioQs of a sodium-chloride solulion, to which had been added 
sodium hydroxide in sufficient quantity to produce a nearly neutral 
solution, were treated with various powdered minerals with results as 
shown in Table 25. 


Table 25. — Effect of Mineral Particles on pH Value of NaCl-NaOH 

Solutions 


Sample 

pH Value of Solution 

Set 1 

Sets 

Distilled water 

4.9 

4.9 

NaQ-NaOH solution 

6.4 

6.2 

Galena plus solution 

5.4 

4.7 

Pjrrite plus solution 

4.5 

4.6 

Sphalerite plus solution 

6.6 

6.2 

Quartz plus solution 

6.6 

6.3 

i 


Stron^y aUmline solutions, 20 c-c. N/40 NaOH in 230 c.c. distilled 
water, were treated with powd^ed minerals, with the results recorded in 
Table 26. 
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Table 26. — Effect of Mineral Partides on pH Value of Sodiumr-hydroxide 

Solutions 


Sample 


pH Value of Solutions 


Set 1 I Set 2 


Distilled water 

Blank 

Galena plus blank 

P^rite 

Sphalerite 

Quartz 

Blank (strength unknown) 

Galena plus blank 

Pyrite plus blank 

Sphalerite plus blank 

Chalcopyrite 

Silica (quartz) plus blank 


Beyond 10.0 | 
Beyond 10.0 | 

6.3 I 

10.0 I 

Beyond 10.0 

7.4 

6.6 

4.8 

6.4 

6.6 

6.8 


5.1 

Beyond 10.0 
Beyond 10.0 
5.9 

10.0 

10.0 


Solutions of a number of substances and tap and distilled water were 
agitated in a separatory funnel with benzene and the treated solutions 
were then drawn out by opening the stopcock after the benzene droplets 
had risen well away from the discharge. The pH values of the solutions 
before and after treatment with benzene are shown in Table 27. 


Table 27. — Effect of Agitation of Benzene with Various Solutions on pH 

Value 




pH Values 


Subatanoe in Solution 

Before Asitation 
with Benaene 

After Treatment 
with Benzene 

NaOH 

7.4 

6.6 

TVajlRTPOi 

7.8 

7.8 

HaS04... 

4.0 

4.6 

CuSO^ 

4.2 

4.7 

Distilled water Toldl 

5.2 

5.8 

Tan water . . . 


6.8 

6.9 



It should be pointed out that the marked adsorption of hydroxyl 
ions at the benzene droplet-water interface from the sodium-hydroxide 
solution is further substantiation of the fact that bases lower the tension 
at a benzene-water interface. 

In Tables 21 to 27, it is assumed that the change in pH value of the 
solutions on agitation with mineral particles is the result of adsorption of 
certain ions on the mineral surfaces. However, in the case of pyrite, 
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definite chemical reaction has taken place in most cases, as the change in 
pH value of the solutions as a result of treatment with pyrite is greater 
than can be accounted for by true adsorption. The effect of pyrite on the 
acidity and alkalinity of water is of considerable importance. Either 
acid or alkaline solutions are made more acid by treatment with pyrite 
mineral; therefore if pjrite occurs associated with another mineral 
(such as galena, for example) which it is desired to float and which requires 
an alkaline pulp, the presence of the p\u*ite in the pulp maybe particularly 
undesirable. 

Table 27 shows that all the minerals increase quite decidedly the 
acidity, or decrease the pH value, of a sodium-hydroxide solution. The 
indications are that all minerals are adsorbing the same ions and pre- 
sumably the negative h 3 "droxyl ion. It is of interest to note that all 
the minerals (with the exception of pyrite) and benzene give residual 
solutions of approximately equal pH values. 

Table 22 ^ows that the alkaline condition resulting from the addition 
of sodium acid phosphate to water is further increased by treatment with 
galena and slightly decreased by treatment with sphalerite. Sphalerite is 
strongly peptized by this chemical while galena is only slightly peptized 
by it. The reduction in the alkalinity of this solution, when treated with 
sphalerite, is very slight and of questionable significance. However, 
that adsorption of certain ions has actually occurred is obvious by the 
condition of sphalerite suspensions in these phosphate solutions. The 
suspensions are strongly peptized ; that this peptization is due to adsorption 
of certain negative ions can be shown fairly conclusively. In pure water 
sphalerite, as are most mineral sulfides, is weakly negatively charged; 
in acid solutions, this negative charge is neutralized by positive ions 
and suspensions of sphalerite are flocculated. It seems safe, therefore, 
to assume that sphalerite suspensions are negatively charged in sodium- 
phosphate solutions. 

The adsorbed ion responsible for the peptized condition of the sphaler- 
ite has not been definitely isolated. It may be any one of the following: 
OH”, H1PO4", HPO4", or PO4”. The adsorption of any one of the last 
three, which are weak acids, would tend to increase the alkalinity of the 
solution; that this does not happen is evidence in favor of the OH” ion as 
the probable ion adsorbed. On the other hand, the alkalinity of the phos- 
phate solution is increased by treatment with galena particles, indicating 
adsorption of some ion, probably hydrogen or perhaps sodium, by the 
galena and as there was no noticeable change (slightly less flocculated m 
phosphate solutions, which agrees with the theory) the inference is that 
the already positive charge on the galena has been slightly added to by 
adsorption of more hydrogen or sodium ions. Experiments in which 
suspensions of galena and suspensions of sphalerite in sodium dibasic 
phosphate were subjected to a difference of electrical potential showed 
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that galena prides migrate slowly toward the negative pole and sphaler- 
ite strongly toward the positive pole. 

For copper sulfate, perhaps the most generally used chemical in flota- 
tion, Table 22 shows a decided difference in the adsorptive properties 
of galena and sphalerite. A very dilute solution had a pH value of 5.0, 
which was raised to 5.3 and 5.8 when treated with equal surfaces of galena 
and sphalerite, respectively. Both minerals decreased the acidity but 
sphalerite more than galena. This is presumably through adsorption of 
hydrogen ions, or copper ions, but it woifld appear that the latter would 
become inactive through association with the hydroxyl ion. However, 
any adsorption of copper ions would result in decreased acidity if SO 4 
ions formed the second sheet of the adsorbed double electric layer. The 
acidity is actually decreased in all cases except pjnrite, which gives a 
decided increase in acidity; this no doubt is the result of a true and 
rather strong chemical reaction. 

It is interesting also to note that a weak sulfuric-acid solution was 
decreased in acidity by treatment with sphalerite but unaffected by 
treatment with galena; also that ordinary distilled water is acid, which 
acidity is decreased when agitated with the mineral galena and particu- 
larly by sphalerite. Tap water is less acid than distilled water and it 
passes to alkaline when treated with galena and sphalerite. 

The foregoing may be summarized as follows: 

1 . Salts of strong bases, particularly sodium and potassium 
hydroxides, and of weak acids, particularly phosphoric and carbonic, 
dissociate in aqueous solutions and hydrolyze to give weakly 
alkaline solutions. 

2 . Salts of weak bases, particularly copper hydroxide, and of strong 
acids, particularly sulfuric, dissociate and hydrolyze to give acid solutions. 

3. All the sulflde minerals are flocculated and quartz peptized in 
weak sodium-hydroxide solution. In every case, the acitoy of the 
treated solutions has been increased, presumably through the removal of 
sodium hydroxide, by adsorption, either the so^um ion or the hydroxyl 
ion forming the a^orbed layer. That it is probably the OH" ion that is 
adsorbed would seem to follow from the fact that it is known that nearly 
all suspensions are negatively charged in alkaline solutions. 

4. In a sodium dibasic phosphate solution, galena is weakly peptized, 
pyiite strongly flocculated, and sphalerite, chalcopsuite and quartz 
strongly peptized. Galena increases the alkalinity, sphalerite and chal- 
copjrrite just slightly decrease it, while pyrite and quartz noticeably 
increase the acidity of the solution. Presumably galena adsorbs hydrogen 
or sodium ions; sphalerite and chalcopyrite adsorb hydroxyl ions, to a 
slight ext^t, if at all, while pyrite and quartz adsorb them strongly. 
In the case of pyrite, there is perhaps a solution effect. 
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5. All the minerals, except quartz, are flocculated in a weak sulfuric- 
acid solution. Galena does not affect the pH value of the solution while 
pyrite increases markedly the acidity, and sphalerite, chalcopynte, and 
quartz decrease the acidity. Presumably, galena adsorbs neither ion to any 
marked degree; the other minerals, except p 3 n:ite, adsorb hydrogen ions. 

6. All the minerals, except quartz, are flocculated in copper-sulfate 
solution. Galena decreases slightly the acidity of the solution and all 
the other minerals (except pyrite, which increases the acidity) decrease 
the acidity noticeably. The ions adsorbed are presumably either 
hydrogen or copper. 

7. For distilled water, which contained some dissolved C02» the 
acidity is decreased by g^ena and sphalerite and increased by pynte. 
In these solutions, suspensions of galena and sphalerite appear to be 
slightly flocculated, indicating adsorption of ion, thereby neutralizing 
to some extent the negative charge carried by these particles in distilled 
(carbon-dioxide free) water. 

8. Galena, pjTite, and sphalerite are slightly flocculated in tap 
water, while chalcopynte and quartz are peptized in it. Pyrite increases 
decidedly the acidity of tap water, while the other minerals increase the 
alkalinity and bring the solutions into the alkaline range of indicators. 

That minerals possess marked selective adsorption of ions from 
aqueous solutions of various salts and acids is borne out by the foregoing 
experiments. That the nature and intensity of the electrical charges 
on the different mineral particles in the same solutions are different 
seems entirely unquestionable; and that the intensity of the charge is 
dependent on the hydrogen-ion concentration of the solution seems also 
to be borne out by these experiments. A number of references may be 
cited to show the importance of the hydrogen-ion concentration in 
settling of clay suspensions and in the control of colloidal solutions. 
Suspensions of various substances in water seem to have maximum and 
minimum stability at different and defiGcdte H-ion concentration; i.e., 
electric charges on the particles reach a maximum intensity or are entirely 
neutralized at definite H-ion concentrations. In a paper dealing with 
the factors affecting the H-ion concentration of natural waters and the 
influence of H-ion concentration on suspended matter, Wolman and 
Hannan®^ say as follows: 

The standardization of rates of filtration of depths of sand beds and size of sand 
grains has been determined in most cases without reference to the reactions and 
dectrioal s ig ns of either the water or the material suspended therein. In this connec- 
tion, it need only be recalled that many substances when suspended in water become 
negatively charged, with the intensity of the charge increasing when the concentration 
of the hydroxyl ion becomes greater. In pairticular day partides and bacteria are 
usually negative, while it is believed that alumina used for the mechanical filtration is 
negative when the pH of the solution is greater than 7.5 (Sorensen’s scale). NaturdUy 


»* Chem, & Met, Eng. (1921) 25, 502. 



A. W. PAHRENWALD 


717 


the negative charges of srich substances are influenced greatly when the hydrogen-ion con- 
centration is increased or lowered,’^ . . , The volume of granules is very variable as 
is especially a function of the reaction of the medium. One ought, therefore, to take 
account of this reaction, all the more because upon it depend the sign and the size of 
the electrical charge. Perrin has shown in effect that every membrane in contact with 
an alkaline solution is charged with negative electricity. If the solution is acid, the 
membrane is positive. Quincke further demonstrates that if we cause alkaline water 
to pass through a capillary tube or a filter of sand or of gelatine, we obtain the positive 
charge of the water toward the outlet, while at the entrance the negative electricity has 
accumulated. 

The following quotation, from page 1257 of Chemical and Metal- 
lurgical Engineering for Dec. 27, 1922, bears directly on this question. 

The rate of settling of clay is thought to be an important matter in connection with 
the use of clays as a filler in paper making. The rate of settling of clay in a medium 
is to a certain extent dependent on the hydrogen-ion concentration of the suspending 
medium. The rate of settling of six clays has been studied over a wide range of hydro- 
gen-ion concentrations. For each clay-water mixture, there is a definite hydrogen-ion 
concentration at which the rate of settling will be a nmximnm , and also a definite 
concentration at which this rate is a minimum. In the purification of clay, these two 
points should be known in order to effect the separation of clay particles from quartz 
and mica particles most efiiciently. 

In a preliminary report®® of the effect of H-ion concentration on the 
precipitation of mastic and gamboge sols by acids and salts, Tartar and 
Gailey state that acids cause precipitation at the same H-ion concentra- 
tion and certain salts precipitate the sols at the same concentration 
provided the H-ion concentration is kept approximately constant. Also 
that the precipitation values of the salts employed vary as the concentra- 
tion of the colloid at the same H-ion concentration. These authors 
conclude that the ion having the same charge as the colloid is without 
influence in the cases studied. 

The present writers believe that this investigation, in which the rela- 
tion of hydrogen-ion concentration to flotation concentration is considered, 
is capable of great expansion. If in these experiments the H or OH ions 
themselves are not actually adsorbed, they are controlling factors in the 
adsorption of other ions. Neutral salts have found little, if any use, in 
flotation-concentration practice. The chemicals that have been of 
practical aid in the commercial process are those that ionize in water and 
through hydrolysis give either an excess of H or OH ions to the solution 
and, further, the amount of any salt used must generally be under close 
control. This suggests that the factor we have been actually controlling 
is that of H-ion concentration. Commercially, H-ion control has made 
considerable headway in several important fields. This may prove, with 
further work, to be a method suitable for the control of commercial 
flotation operations. 

* Italics ajire the authors. 

Am. Chem. Soc. (1922) 44, 2212. 
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SfMNABT AND CONCLESIONS 

1. This section had, for its purpose, a consideration of the reactions 
at the surface of contact between a liquid (aqueous solution) and a solid 
(mineral particles), with the object of correlating such factors as electric 
charge on mineral particles and stability of mineral suspension in water, 
with their flotation characteristics. 

2. In the flotation process, we deal with particles that range in size 
from those that will pass a 48-mesh screen (0,295 mm.) to particles so small 
that they approach true colloidal size. It is considered that the individ- 
ual mineral particles of a suspension in water are charged with either 
positive or negative electricity and that this charge is due to adsorption 
of certain ions in solution. The states of flocculation and peptization of 
suspensions are attributed, in the main, to ion adsorption. The degree of 
peptization affords a method of determining roughly the magnitude 
of the electric charge on the indindual particles of a suspension. Settling 
tests, in conjunction with hydrogen-ion concentration determinations of 
solutions before and after treatment with mineral particles, afford a 
fairly good method of determining the nature of the ions adsorbed on the 
mineral surfaces. 

3. The peptization and flocculation action of various chemicals on 
suspensions of different minerals in water have been observed, with the 
following results: (1) The stability of a given mineral suspension in water 
is generally either increased or decreased if small amounts of a substance 
capable of giving a change in hydrogen-ion concentration are dissolved in 
the water. (2) In the casesinvestigated, practically all mineral suspensions 
in water are increased in stability in solutions having a pH value greater 
than 7; and decreased in stability, showing a tendency to flocculate, in 
solutions having a pH value below 7. The change generally is particu- 
larly noticeable in the case of the sulfide minerals. In the case of gangue 
minerals, the changes due to electrolytes are much less noticeable and 
this rule holds less closely. (3) Generally speaking, in the cases investi- 
gated, the pH value of slightly acid solutions is increased by treatment 
with various minerals; and sli^tly alkaline solutions are reduced in pH 
value on treatment with various minerals. Psoite is always an exception 
to this rule and galena is an exception in one or two cases. Pyrite reduces 
the pH value in all cases and suspensions of pyrite are nearly always floc- 
culated no matter what the solution. (4) Generally speaking, the hydro- 
gen-ion concentration appears to be the important factor in regard to the 
magnitude and sign of the electric charge on mineral suspensions. 

4. From a determination of the pH values of a number of electrol 3 rtes 
before and after treatment with benzene droplets, it is shown that the pH 
value is decreased in the case of solutions of pH value above 7 and increased 
in the case of solutions of pH value below 7, As various other investiga- 
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tors have shown that liquid droplets are positively charged in acid solu- 
tions and negatively charged in alkaline solutions, we have evidence 
that droplets adsorb H+ ions from acid solution and OH“ ions from 
alkaline solutions. 

6. In a weak sodium-phosphate solution, indications are that galena 
adsorbs one ion and sphalerite another. Both minerals are peptized by 
this chemical, galena only slightly and sphalerite strongly, indicating an 
electric charge on each, but of opposite sign as galena increases the alka- 
linity of the solution while sphalerite slightly reduces it. The particles 
of galena are positively charged while sphalerite particles are strongly 
negatively charged. This affords a possible explanation of the part 
played by this chemical, Na 2 HP 04 , in the differential flotation of galena 
and sphalerite. It would appear that the presence of negative electricity 
(ions) on sphalerite particles and on oil droplets effectively prevent oiling 
of the sphalerite through repulsion of like charges, while galena is readily 
oiled due to attraction of negatively charged oil droplets for positively 
charged galena particles. 

6. Peptization of a mineral in flotation does not indicate necessarily 
either an antagonistic or a receptive condition of the mineral to flotation. 
Neither does flocculation. But peptization as a result of an electric 
charge on the mineral of a sign similar to that on the oil micellae seems to 
indicate a condition antagonistic to flotation while peptization as a result 
of an electric charge of a sign opposite to that on the oil droplet is seemin^y 
a most desirable condition. 

7. Flocculation means a low or zero electric charge on the mineral 
particles. When the mineral appears flocculated, it may be positively or 
negatively charged; that quartz adsorbs hydrogen ions in acid solutions 
does not mean that the charge on the particles is positive but rather 
that it is slightly negative, if anything, as there is no doubt a small amount 
of the negative charge on the particle that is unneutralized by the adsorp- 
tion of hydrogen ions; however, it may go past the isoelectric point and 
become charged with the sign of the ion adsorbed. 

8. In the case of quartz and benzene, quartz is much more stable 
in alkaline solutions than in acid and the adsorption is presumably of 
hydroxyl in all oases. The magnitude of the charge is greater in alkaline 
than in acid solutions and benzene is more easily emulsifled in alkaline 
than in acid. The charge is possibly negative in both cases but much 
stronger in alkaline than acid solutions, for most of the negative 
charge has been neutralized in acid solutions by adsorption of 
hydrogen ions. In fairly strong acid solutions, the droplets become 
positively charged. 

9. The flocculation often observed in flotation testing, when the condi- 
tion is right, is probably due to a coagulation of, say, negativdy charged oil 
droplets or micell® with positively charged mineral particles, as in the 
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case with galena when phosphate is used. The galena collects on the 
surface of the pulp in a coagulated mineral-oil mass, but the pulp does 
not appear flocculated but, rather, peptized. 

10. When a differential separation of minerals by flocculation is 
possible, the experiments here recorded make it appear that it is due to 
the adsorption by the minerals of ions of opposite sign, which causes the 
mineral particles to be positively or negatively charged. The mineral 
charged with electricity of a sign oppoate to the sign of the charge 
on the oil aggregates will become “oiled,” while the mineral charged 
with electricity of the same sign as that of the oil aggregates will not 
become oiled. 

11. In this work, time did not permit experiments of a more quantita- 
tive nature. Experiments that would give H-ion concentration at which 
different minerals suspension had maximum and minimum stability 
would be of considerable interest. In general, the writers believe that 
the line of investigation followed has opened a fidd that will permit a 
scientific investigation of the causes of flotation that should be of con- 
siderable value in practice. In flotation testing, it has been shown that 
the hydrogen electrode is of great help in obtaining exact conditions of 
flotation pulp. 

SURFACE REACTIONS WITH SPECIAL REFERENCE TO THE ADSORP- 
TION OP FLOTATION OILS BY MINERAL SEPARATION 

The film method of measuring surface tension that was used through- 
out this investigation has its limitations. Substances that lower the 
surface tension of water very little or not at all cannot be investigated; but 
as such substances have not found any application in flotation concentra- 
tion there is no particular need for any investigation of these substances 
in flotation. Experience seems to show that a substance (oil or other 
contaminant) to be of value in flotation must not only tend to lower the 
water-air interiacial tension, but it must tend to envelop the mineral 
particle. 

The accuracy of the surface-tendon method of measuring adsorption 
appears to hinge entirely on the question of the condition of the oils when 
agitated and mixed with water. Wood oils, chiefly pine oils, were mostly 
investigated; althou^ camphor and eucalyptus oils and a number of pure 
substances were invest^ted to a limited extent. 

If every milligram of such oil added and mixed with water is effective 
in lowering its surface tension and if the decrease is not caused by 
some particular constituent of the oil that is more soluble t^a/n 
the r em a inin g portions, and if it is not caused by the solution of part 
of the oil, the surface-tension method of determining the amount of 
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any particular oil in and removed* from a mixture of it in water should 
be quite accurate. 

The condition of flotation oils in water has already been considered. 
The indications were that many commercial flotation oils are only very 
slightly soluble in water and that the condition of the oil in water, in the 
concentrations investigated, is that of droplets, or molecular aggregates 
ranging in size from one or two molecules to aggregates of large groups of 
molecules; also that the molecule aggregates are effective in lowering 
surface tension and that the stability of the solution in the very low 
concentrations is caused by the electrical charge on the droplets. 

Procedure Followed and Conditions of Experiments on 

Adsorption 

The minerals galena, sphalerite, pyrite, chalcocite, chalcopyrite, sider- 
ite and quartz were used as the adsorbents in the work to be outlined. 
Galena and siderite were from the Bunker Hill & Sullivan mine, at Kellogg, 
Idaho; chalcocite from Butte, Mont.; chalcopyrite from Globe, Ariz., 
sphalerite from Missouri; and the quartz was clean sea sand obtained 
from the roads department of the University of Idaho. Perfectly 
clean specimens only were used. They were crushed carefully to give 
a maximum number of particles of a given size; the size of particle gener- 
ally used was that which passed through a 28- and remained on a 35- 
mesh screen. 

In determining adsorption capacities or rates of adsorption of the 
different minerals, either equal volumes were used or the minerals were 
weighed out in such portions as were calculated to represent approximately 
equal surface areas; the area in all cases, except when specified, was 
314 sq. cm. as nearly as could be calculated. No doubt the actual amount 
of surface in any case was only approximately determined. If in the 
particles of mineral, especially in the case of galena, there were no cleavage 
planes sufficiently open to take up oil by capillary action, there would stiU 
be room for considerable error m calculation of total surface, because of 
difference in the shapes of particles. Galena breaks or fractures easily 

* In view of the experiments recorded, it is best here to speak of the oil emulsified 
in the water as ^^removed” or collected by the mineral and not adsorbed by the 
mineral; as the amount of oil taken up by the mineral particles is shown to be equiva- 
lent to a film many molecules deep, true adsorption could account for films to exceed 
not more than a couple of molecules deep. However, this statement is not intended 
to convey the idea that true adsorption of oil by mineral particles does not actually 
take place. There is undoubtedly, first, true adsorption of the portion of the oil 
existing in the water as individual molecules, as seems to be shown by the work of 
Taggart and Gaudin, followed later by the spreading of oil droplets on the oily surface 
of the mmeral particles. There may not be even a spreading of the oil droplets on the 
mineral particles, it may be simply a sort of a coagulation action between droplets 
and mineral particles. 

VOL. U3C.-H16 
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into particles that are more cubical than any other shape, while siderite 
breaks into particles of a more slivery nature. In general, it is believed 
that the actual amount of surface used was more than that given 
by calculation. 

The practice was to circulate the emulsion used. Emulsions of 
concentrations falling on the more or less flat portion of the surface 
tension concentration curves were scarcely ever used, as data by the 
surface-tension method on emulsions of these concentrations were con- 
sidered of doubtful reliability. As has been stated, only emulsions of 
very low concentrations can be circulated to constant surface-ten- 
sion values. 

Agitations were usually carried out in Erlenmeyer flasks, which were 
rinsed TOth the emulsion to be tested before the mineral was added in 
order to take care of any adsorption of the contaminant oil by the glass. 
Dry mineral previously washed with distilled water was generally used. 
The time of agitation, which was effected by hand, was 2 min. unless 
otherwise stated. 

The temperature was not under as good control as was desired, but 
tests were made usually at 20® C, When immediate comparison of a 
series of experiments was made, the temperature was the same for 
individual tests of the series. 

After the agitation was completed, 60 to 75 c.c. of the treated emulsion 
was drawn out with a pipette and discharged into a suitable vessel for the 
surface-tension measurement. The practice was to circulate the emulsion 
in the vessel by means of a pipette imtil the tension in the surface film 
had reached a constant point. Emulsions after treatment with mineral 
came more quickly to constant surface-tension values than did the 
original emulsions. The possible significance of this fact will be con- 
sidered later. 

If surface tension-concentration curves for the oils used in the experi- 
ment were available, reference was made to them and the number of 
m i l l igrams of oil removed by the mineral was determined from them. If 
curves were not available or had not been determined, the increase in 
surface tension of the residual over the original emulsions gives a fair idea 
of the relative adsorptive capacities of the minerals for that oil. 

Adsorption or Removal op Oils prom Water by Minerals 

The tests recorded here represent only a small portion of the large 
number made. Much time was spent in determining conditions under 
which reasonably concordant results could be obtained. Table 28 gives 
data for seven minerals common in flotation practice and for eleven 
common flotation oils. The second column shows the concentration of 
the original emulsion and the third column the surface tension of the 
original emulsion. The increase m surface tension of the emulsion after 
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treatment with the various minerals is given, also the number of milli- 
grams of oil removed from the emulsion by 100 sq. cm. of mineral surface, 
Xo surface tension-concentration curves were made for oils for which 
these values were not given, 

The outstanding fact in the table is that galena causes the greatest 
increase in surface tension, and therefore collects the most oil per unit of 
area, in all cases except for eucalyptus oh, for which it stands fourth in 
order of quantity of oh collected. The mineral occupying second place 
the greatest number of times is chalcopyrite, which is followed by pynte, 
chalcocite, sphalerite, quartz, and siderite in the order written. Sphaler- 
ite is always well down in the order of adsorptive capacity; quartz and 
siderite increase the surface tensions of the emulsions only slightly, in 
comparison to the sulfides or the more flotative minerals. The order, in 
general, compares well with the ease of flotation of these minerals as shown 
from experience. 

Thickness of Oil Films Collected on Mineral Surfaces 

The thickness of the films of oh surroimding the mineral particles 
can be approximately determined, by the equation TND == W 
where T = thickness of film, in centimeters; 

N «= number of square centimeters of mineral surface; 

D == density of oh adsorbed; 

W = weight of oh, in milligrams, collected by N. 

N and W are known and D may be taken as unity. 

For green camphor. Sunny South and eucalyptus oh, the thick- 
nesses of the films collected by the minerals are listed in Table 29. Assum- 


Tablb 29 . — ThicJoTmB of Oil Layers Collected from Oilrwater Emul- 
sions by Minerals 


1 

Green Camphor 
OU cm. 

Suimy South 

Euol 

^tu. 

Gralena 1 

1.6 

X 

io-» ! 

1.0 

X 

10-» 

1.56 

X 

10-* 

Chalcocite ^ 

0.73 

X 

10-» 

2.0 

X 

10-« 

1.76 

X 

10-» 

Pyrite 

1.03 

X 

10-» 

4.0 

X 

10-5 

1.68 

X 

10-* 

C^alcopjnrite | 

1.33 

X 

10-» 

1.0 

X 

10-« 

1.63 

X 

10-» 

Sphalerite j 

0.716 

X 

10“» 

4.0 

X 

10-5 

1.30 

X 

10-5 

Siderite 

0.710 

X 

10~* 




1.24 

X 

10-5 

Quartz { 

1 0.63 

1 

X 

10-5 

00 

d 

X 

10-« 

1.14 

X 

10-5 


ing that the length of the molecules of the ohs adsorbed are of the order 
of those of castor and olive oh, films of which have been very carefully 
determined by Raleigh and by Marcdin to be 1.3 X 10”^^ and 1.0 X 10-’, 
respectively, we are led to the concludon that the filma on the minftr ftlg 
are from 10 to 100 molecules deep. 
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-Laurie and Bteario aoida are solids at ordinary temperatures; oitrio, tartaric and ootane solutions gave unsatisfactory readings. 
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Similar calculatioa for two pure compounds (the data used as the 
basis for the calculation were taken from Table 30) gave the results 
shown in Table 31. The thickness of the film again ranged from 10 to 


Table 31. — Thickness of Layers of Pure Substances Adsorbed by 

Minerals 


Heptylio Acid 
CH5tCH2)-COOH 

• 

Capiylio Acid 
CHD(CHa)$COOH 

Galena 

0.31 X 10"« 

! 

0 24 X 10-* 

Ghalcocite 

1.46 X 10-« 

0.57 X lO-* 

Pyrite 

: 0.36X10-' 

0.10 X 10-' 

Cli^copyrite 

0.76X10-* 

I 0.29 X 10-» 

Sphalerite 

Siderite 

0.25X10-* 

0 20 X 10 

OnnrfT: 

; 0.25 y 10-6 

0.16 X 10-' 

1 1 


100 molecules. The copper minerals show the highest adsorption, which 
possibly may be due to slight solubility of the copper mineral in these 
weak acids. 


Adsobption of Pubs Obganic Substances bt Minerals 

The chemicals used were of the best grades, all being procured from 
the Eastman Kodak Co. The object of the work on pure organic sub- 
stances was to determine if any relation existed between molecular struc- 
ture of various solutes and adsorption by minerals. Substances of the 
formic-acid series having the polar group COOH, aldehydes having the 
polar group CEO, and alcohols having the polar group OH, and a few 
other miscesllaneous substances were tested. The nature of the work 
required considerable routine work and before any conclusions of any 
importance cim be drawn, a large mass of carefully obtained data must 
be in hand. The investigation was not carried far enough for us to draw 
any conclusions that pertain to adsorption, except as it showed that all 
minerals show adsorption for surface-tension lowering substances. 

In such an investigation, solutions of equal molecular concentration 
should be used if important comparisons are to be made; but it was 
impossible to meet this requirement, using the surface-tension method, 
because of the different surface-tension lowering properties of the sub- 
stances. For example, as little as 10.6 and 2.6 mg. of heptylic and 
caprylie acid, respectivdy, in 100 c.o. of water lowered its surface tension 
greatly while the shorter chained propionic and but3rric acids had little 
effect on the surface tension when as much as 100 mg. were dissolved in 
100 c.c. of water. The same thing is true of the aldehyde and alcohol 
series. The work was therefore discontinued but the substances tested 
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and the observations made are recorded in Table 31. The apparent high 
adsorption in many cases is no doubt due to slight solubility of the mineral 
in the solution. This was clearly the case with the copper minerals in some 
of the solutions. It was necessary, in the surface-tension measurements 
of these solutions, to treat them similarly to emulsions of flotation oils in 
water, in order to obtain constant readings. That is, it was necessary 
to circulate the solutions, using a 100 c.e. pipette, a number of times 
to obtain the true static or equilibrium tension. The tensions were 
always high at the initial reading. The time required to reach constancy 
was always less for true solutions than for emulsions. 

Taggart and Gaudin®® were apparently able to obtain satisfactory 
(presumably constant) surface-tension readings, using the film method 
in their work on adsorption from solutions. Their work also indicates, 
in the case of true solutions, that minerals adsorb oil on their surfaces 
equivalent to a layer one molecule thick. In the case of flotation oil- 
water emulsions Taggart and Gaudin think that it is useless to try to 
determine adsorption from emulsions by the use of the film method; 
they state: 

The first tests were made with emulsions of pine oil (G.N.S. No. 5), Cleveland Cliffs, 
No. 1 (hardwood creosote), and Barrett No. 4, (coal-tar creosote). These oils are 
typical of their classes. I he results were erratic and unsatisfactory, caused, without 
doubt, by greasing of the knife-edge in the surface-tension determinations on the 
original emulsion. The Erlenmeyer-flask adsorption method was used. The results, 
though poor, are included to give an idea of their erratic character and to impress the 
fact that it is useless, with this apparatus, to try to determine adsorption in emulsions. 
See Tables 8 and 9. An attempt was made to duplicate exactly Fahrenwald^s tests 
on adsorption with emulsions of hardwood creosote; our results disagree widely with 
his. Both sets are tabulated in Table 10, for comparison. 

In their Table 10, their data show negative adsorption of oil by three 
of the five minerals tested and a small positive adsorption by the other 
two minerals; the average difference in the surface tension of the emulsions 
before and after treatment with the minerals being 0.06 dyne per cm. 
The data of Fahrenwald®^ show positive adsorption in all cases, the average 
difference in the surface tension of the emulsions before and after treat- 
ment with minerals being 4.4 dynes per centimeter. 

Since Taggart and Gaudin did not take into consideration the factor of 
time on the value of the surface tension of emulsions, their readings 
may easily vary several dynes on solutions both before and after treat- 
ment with minerals. For example, if the value of the surface tension of the 
original emulsion was for a fresh surface and the value of the surface 
tension of the same emulsion after treatment with minerals was for an 
older surface, the difference may easily, and probably would, be a negative 


•0 hoc, dt 

Tc^en by Taggart and Gaudm from Min. & Sc. Pr. (1921) 123, 232. 
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quantity. In no case have we found the surface tension of an oil-water 
emulsion to be lowered by treatment with mineral, if equilibrium surface- 
tension values only are used. 

We have found, as shown by the above data, that the amount of oil 
removed from an oil-water emulsion by treatment with minerals is, in 
all cases, greater than a la^-er of oil on the mineral surface equivalent to 
one molecule deep. The oil removed by the minerals is equivalent to a 
layer 10 to 100 or more molecules deep. That the surface-tension method 
is indicating fairly closely the amount of oil removed from oil-water 
emulsions is shown by an independent method based on an entirely 
different theory. 

Ftjethbb Expeeiments on Mineeal-oil AnsoEPTioN AND Collection 

BY Minerals 

Assuming that an equilibrium point exists between the amount of oil 
adsorbed at the water-solid (mineral) surface and that in the volume of 
the emulsion, we would expect adsorption or oil removed to increase with 
concentration up to the point of a complete layer of molecules or molecule 
aggregates, and to then show no further increase with concentration, 
unless the already heavily oiled mineral continued to collect on it more 
oil globules. 

Surface tension-concentration curves Ay B, C, and D, Fig. 18, for 
Burgess green camphor ofl and the lower curves of Fig. 19 for Sunny 
South pine oil before and after treatment with galena were con- 
structed; 314 sq. cm. of galena surface (by calculation) were used in each 
test. From these curves, the adsorption* concentration curves E andF, 
Fig. 18, were deduced. 

Curves A and B, Fig. 18, are by the drop-weight method and curves C 
and jD by the film method of measuring surface tension. The concen- 
tration-adsorption curves E and F as determined by the film and drop- 
weight methods, respectively, coincide exactly to a concentration of 20 
mg. Curve E continues in a straight line to a concentration of 30 mg., 
while curve F shows adsorption past this point iucreasing more rapidly 
than concentration. It is significant that both methods give practically 
the same results for concentrations between 0 and 20 mg. 

The film method, for this oil, is not applicable beyond 20 mg. per 100 
c.c, water, as at this point the surface tension-concentration curves 
before and after treatment with mineral are nearly coincident* actually 
n i n ni ng together at 30 mg. The drop-weight method is more applicable 
to this oil (green camphor) than to any others tested, because of the great 
decrease in surface tension with very small quantities of oil and to the 
relatively high extent to which minerals collect it. 

♦The word "adsorption" is used in this connection for the want of one more fitting. 
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From the adsorption-concentration curves, we are unable to find a 
point that indicates mflviTmim adsorption of oil by the mineral. It was 
expected, as in the case of water-air surfaces, that a concentration would be 
reached when the adsorption-concentration curve would run parallel to 
the concentration ordinate. Adsorption appears to be practically a 
straight-line function of concentration over a range of 20 mg., beyond 
which the curves indicate adsorption increasing more rapidly than con- 
centration. Any effort; however, to explain w’hat is happening beyond a 
concentration of 20 mg. in 100 c.c. of water would be useless because 
the surface tension-concentration curves are of doubtful value beyond this 
point. Figures on adsorption of oil by minerals that are obtained from 

ds 

surface tension-concentration curves bej^’ond the range of ^ — a constant 
are questionable. 

Surface tension-concentration and adsorption-concentration curves for 
Florida Products Co. flotation oil a pine oil, are given in Fig. 19. 
In general, the concentration-adsorption curve is similar to that of green 
camphor oil. It does, however, indicate more rapid adsorption between 
0 and approximately 5 mg. per 100 c.c. than between the ranges 5 and 
approximately 15 mg., beyond which point it deflects rapidly from the 
general strai^t line toward the adsorption ordinate. A number of other 
oils give this same curve, some of them with even sharper turns. 

Remarkably high percentages of the total oil in the emulsion are 
removed when treated with mineral particles. As much as 40 per cent, 
of the oil added, according to figures, is removed when the emulsion is 
treated with galena particles representing a total of 300 sq. cm. of surface. 

For this same oil, we have data obtained by a method based on 
entirely different principles; namely, a nephelometric method* which is 
based on turbidity of the emulsion. The data given in Table 32 were 
obtained by Ernest J. Baldwin, assistant professor of chemistry of the 
University of Idaho. The oil used wa.s Florida Products oil “C'’ out of 
the same bottle of oil used in the surface-tension work and —28-mesh 
35-mesh galena out of the same lot prepared for the surface-tension work, 
was used. The calculated surface was 314 sq. cm. 

The total number of milligrams of oil adsorbed on 314 sq. cm. of 
galena surface are plotted z on the curve Fig. 19, to facilitate direct com- 
parison with the results as obtained by the surface-tension method. 

Of the five points by the nephelometric method, represented by x, 
one point at 23 mg. falls on the curve plotted from stirface-tension 
measurements, two points at approximately 30 mg. fall oiAy slightly 

♦ This method is extremdy tedious and great care is required at all stages in the 
determination. Carefufly purified ether was used as solvent for oil collected by the 
mineral particles. After the ether is distilled from the dissolved oil, the latter is 
taken up wr^ alcohol and emulsified in a given amount of distilled water, the resulting 
emulsion being compared with standards of known oonoentration. 
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Table 32. — Percentages of Oil Removed from OR^ater Emulsions 


Determined by the Nephelometric Mdhod 


Volumei 

LCu.^Cm. 

W^ht of 

Milligranm 

Milligrams 
Oil in 100 
c.o. Water 

Oil from 
Galena 

Left in 
Emulsion 

Per Cent. 
Adsm'bed 
by Galena 

Per Cent. 
Left 

Per Cent. 
Be- 

ooTored 

350 

81.7 

23.3 

28.6 

50.9 

35.0 

62.3 

97.3 

350 

78.4 

22.4 

? 

47.1 

39.9 

60.1“ 


350 

76.4 

21.8 

? 1 

47.8 

37.5 



250 

75.7 

30.3 

? ! 

45.2 

40.3 

59.7“ 



74.3 

29.7 

29.0 

43.9 

39.0 

59.1“ 

98.1 

250 

99.8 

39.9 

53.5 

44.03 


44.1 

97.6 

250 


40.6 

54.5 

? 

53.6 




“ By difference. 


above the curve; while two more in the neighborhood of 22 mg. per 100 e. c. 
water are quite noticeable off the curve. The maximum difference in 
the adsorption, as obtained by the two methods, is approximately 10 
per cent. The two methods indicate substantial agreement. It is 
unfortunate that no points by the nephdometric method are available 
farther down the curve, because the points plotted are actually above the 
most reliable range of the surface tension method. 

Experiments in which emulsions of eucalyptus oil in water of different 
concentrations were repeatedly treated with fresh batches of galena 
particles gave the interesting data shown in Table 33 and in Fig. 20. 


Table 33. — Effect on Its Surface Tension of Successive Treatments 
of an Emulsion with Mineral 


Sample, Distilled Water 

« 

Surface Tension C20^) 


Water 

72.8 

Emulsion 
No. 1 7.26 
mg.^Cg 0.0. 

Emulsion 
No. 2 7.8 
mg./lOO 0 0. 
HaO 

Emulsion 
No. 8 16 2 
mg.^Cra 0.0. 

Emulsion 
No. 4 22.8 
mg.^(g 0.0. 

Emulsion 


65.6 

66.3 

61.5 

56.5 

Emulsion plus galena 


68.9 

70.0 

64.1 

59.3 

Emulsion plus galena, No .2. . . 


71.7 

70.3 

64.5 

62.8 

Emulsion plus galena, No. 3. . . 


72.3 

71.1 

66.3 

64.5 

Emulsion plus galena, No. 4. . . 


72.3 

71.6 

67.2 

66.2 

Emulsion plus galena. No. 5. . . 


72.4 

71.6 

68.0 

67.1 

Emulsion plus galena, No. 6. . . 



71.5 

68.0 

67.3 


N'otb. — 10 grams of — 28-meali + 35-mesh galena were used in each batch. 


From the surface tension-concentration curve for eucalyptus oil, it is 
determined that these final surface-tension values represent concentrations 
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equivalent to roughly 1.0, 2.0, 6.5, and 7.4 mg, per 100 c.c. water, respec- 
tively, Emulsions No. 1 and No. 2 reach an apparent maximum surface 
tension after the third or fourth treatment with galena, while in the case 
of emulsions No. 3 and No. 4, the surface tension is increasing very 
slowly after five and six successive treatments with galena. These data 
are suggestive. When the concentration of the emulsion is 7.25 mg. oil 
per 100 c.c. water, 87 per cent, of the oil is readily removed by the galena 
particles while 13 per cent, of the oU seems to resist removal by the galena. 
When the concentration is 7.8 mg. oil per 100 c.c. water, 74 per cent, of 
the oil is readily removed by treatment with galena while 26 per cent, 
remains in the water. When the concentration is 22.8 mg. oil per 100 c.c. 
water, 70 per cent, of the oil is readily removed by treatment with galena 
while the other 30 per cent, seems to resist removal. 

In view of the experiments of Taggart and Gaudin on the adsorption of 
completely soluble substances from water by minerals, which show that 
the adsorbed layer is in general one molecule deep, and of the experiments 
given in this paper, which show that in the case of flotation oil-water 
emulsions the oil layer taken up by minerals is many molecules deep, 
it is highly probable that the concentration, indicated by the apparent 
constant surface tension reached after a number of treatments with fresh 
batches of galena, represents that portion of the oil which is in true solu- 
tion in the water. With the amount of mineral surface used (314 sq. 
cm.), there would be no noticeable increase in surface tension after the 
true solution concentration has been reached. A film of oil one molecule 
deep on 314 sq. cm. of surface would demand of the surface-tension instru- 
ment sufSeient sensitiveness to show the result to the second decimal place. 
From the surface-tension values of the above emulsion for the first, second, 
and third treatments, it may be shown that the amount of oil removed 
by each batch of mineral particles is equivalent to layers on the mineral 
surfaces of many molecules deep. 

If this hypothecs of what has happened in the experiments of Table 
33 is correct, we have a scheme of detmmining approximately the amount 
of oil for a ^ven concentration in emuMon and in true solution in water. 
In the quantities (about 0.25 lb. per ton) used in flotation, according to 
this scheme, eucalyptus oil is in true solution to the extent of only about 
10 to 20 per cent., the other 80 to 90 per cent, being there as tiny droplets. 


Rblauve CouiBCTivH Capacitt of MdhiraiiS in EquiUBBittM with 
X tBSmUAL IhlUIiBION OF EQUAL CONCBNTBATION 

Prom a surface tension-concentration curve of emnlmnua before and 
after treatment with different minerals, the following adsorption data 
were obtained: 



A. W, PAHEENWALD 


733 


Concentration of residual emulsion 

Galena 

Millzgbams of Pno Oil Aosobbbd 
OK 100 6q. Cu. of Subface 

11 mg./lOOc.c. lOmg./lOOc.c. 

1 sn 1 07 

Pyrite 

. . 1.30 

1.07 

Chalcopyrite 

0 93 

0.97 

Sphalerite 

0.90 

0.87 

Chalcocite 

0 77 

0 67 

Siderite 

0.67 

0 60 

Quartz 

0.60 

0.50 


Effect op Chemicals on Adsoeption op Oils by Minekals 
The oil used in this experiment, Table 34, was a steam-distilled pine 
oil known as General Naval Stores, No. 5. The order of adsorption as 
indicated by increase in surface tension, with and without chemicals, 
is given. 


Table 34. — Effect of Chemicals on Adsorption of Oils by Minerals 



Mg Oil 
in 100 
?/ 

Surface 

Tension 

before 

Increase in Surface Tension Through Treatment 
with Minerals 


Solu- 

tion 

Treat- 

ment 

Galena 

Chaleo- i 
dte 1 

Chalco- 

pynte 

Sphal- 

erite 

Quartz 

Distilled water 

Water-oil 

18 4 

72.8 

69.9 

1.4 

0 9 

1.4 

i 

0 8 

0.8 

0.5 

Water + CuSO^ 

Water + CuS04 + oil. 

IS 4 

18 4 

72.2 

69.9 

1.8 

0 8 

1.1 

1 8 

1.6 

0.8 

Water + NasHFO^ . . 
Water + NaiHPO^ + oil 

IS 4 

IS 4 

71.7 

68.8 

1.8 1 

1.8 

0.0 

1.8 

0.2 

0 0 

Water + NagCOi 

Water + NaiCOi + oil 

IS 4 

71.6 

56.8 

4.0 

2.8 

1.3 

1.4 

0.4 

0 3 

Water + EsOiOr 

Water -1- EsCrsOr + oil 

18.4 

71 7 

67 6 

3 4 

0.9 

1.8 

1.1 

1.0 

0 0 

Water HaSOi 

Water + H 1 SO 4 + oil. 

18 4 

72 0 
66.6 

3.3 

2.3 

2.1 

2.1 

1.6 

0.0 

Water + NaiS 

Water + Na*S + oil. . 

18.4 

71.2 

66 6 

3 6 

2.0 

2.8 

2.3 

1.7 

1.2 

Water + KaOH 

Water + NaOH + oil. 

18.4 

70 8 
65.6 

2 2 

0 8 

0 8 

1.3 

0 0 

0.0 


Note. — Streostlii of solution* 0.067 per cent., whiob is equivalent to approximately 4 lb. per ton 
of ore in flotation. 


Galena, in general, causes the greatest increase in surface tension of the 
emulsion. With copper sulfate in solution, the increase in the surface 
tension of the emulsion is greatest for chalcopyiite and sphalerite. With 
NasEFO* and particularly Na^CO* in solution, the surface tension of the 
emulsion is markedly increased by galena and only slightly increased by 
sphalerite. The two reagents increase the flotation property of galena 
and decrease that of sphalerite. These facts are in favor of the idea 
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that the capacity of minerals to take up oil is in relation to, or a measure 
of, the flotability of the mineral under that condition. This, however, 
need not necessarily be true for it would seem that all that is necessary is 
a complete film of the oUy substance around the mineral particle. 

Adsobption, Agitation and Tbie Factobs 

In the foregoing experiments, the time of agitation of mineral with 
emulsion was 2 min.; the following tests, Table 35, were designed to 
determine the rate of adsorption. Burgess green camphor oil was used and 
surface tension was measured by the film and drop-weight methods. The 


Table 35 . — Effect of Time Factor and Agitation on Surface Tension 
of an OU'^ater Emulsion 


Sample 

Film 

1 Method 

1 

> Increase 
in 

1 Surface 

1 Tension ^ 

i 

Drop- 
; weight 
Methi^ 

1 Increase 

1 m 

• Surface 
Tension 

1 

water ^ 

* 72.8 


i 

72.8 


Emulsion, approx. 10 ing./100 o.c. water ; 

: 51.6 


62.6 


Emulsion, after 4 min, treatment with galena . 
Emulsion, after 15 min. treatment with ; 

52.6 

1.0 

63.5 

0.9 



53.3 

1.7 

64.5 

2.0 

Emulsion, after 30 min. treatment with 
galena 




i 54.8 

1 

3.2 

66.3 

3.5 

Emulsion, after 45 min. treatment with 


galena. 

55.3 

3.7 

66.7 

3.9 

Emulsion, after 60 min. treatment with 


galena 

56.4 

4 8 

67.2 

4.4 

Emulsion, after 2 hr. treatment with galena. . 

56.5 

4.9 

68.0 

6.0 


figures indicate a slow rate of oil collection by minerals and, in view of 
the light of this experiment, previous so-called adsorption data should be 
considered as indicating the rate of mineral-oil removal rather than 
adsorptive capacity. 

This experiment also has a significant bearing on agitation. The 
following flotation tests show that time of agitation, as well as kind of 
agitation, is of importance. 


Time of Praliminwy Agitation 

Grams 

Con- 

centrate 

Grams 

TaSla 

per Cent. 
Lead in 
Coa- 
oentrate 

Per Cent. 
Lead in 
Tafls 

4 min ^ 

27 

123 

41.0 


15 min 

30 

120 

38.5 


30 Tnfn 

27 

123 

43.7 


1 hr 

23 

127 

51.0 

II^SSlIllll 
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Adsorption tests with air and in the absence of air demonstrated that 
maximum adsorption is reached much more quickly when air is beaten into 
the pulp than when air is excluded. The explanation is, probably, that 
the minerals take on oil more readily when they are caused to pass through 
water-air (bubble surfaces) than when simply allowed to fall through the 
emulsion; there is an excess concentration of the oil on the water- 
bubble surface. 


Summary and Conclusions 

1. This section is a consideration of the oil-collecting properties of 
the various common minerals met with in the flotation process. Emul- 
sions of various common flotation oils and solutions of a variety of pure 
organic substances are treated with the various minerals. The amount 
of the substance in emulsion or in solution with the water is determined 
before and after treatment with the mineral by a surface-tension method. 
From a predetermined surface tension-concentration curve of the sub- 
stance to be tested and from a knowledge of the total mineral surface, 
the amoimt of oil collected by the mineral per unit of area can be 
closely approximated. 

2. The absolute correctness of the method is not established, but the 
evidence obtained seems weU to support it. There is a fairly close 
agreement in results as obtained by two surface-tension methods and the 
nephelometric method. The method is rapid and gives concordant 
results, conditions being kept constant. 

3. Assuming that an equal number of square centimeters of mineral 
surface was used in all tests, the data show that aU minerals, including 
sulfides and gangue minerals, collect oil from oil-water emulsions; but 
that sulfides collect considerably more than gangue mineral; that the oil- 
collecting capacity of the sulfides is different for the same substance; that 
the order is different for various substances; and that galena invariably 
has the greatest oil-collective capacity. 

4. Estimations place the thickness of the layer of oil collected on 
the surfaces of various minerals at between 10 and 100 molecules deep for 
low oil concentrations. The depth of the oil layer inoreases with increase 
in oil concentration, which may be explained by the theory that the oil 
is present in the water as molecule aggregates or tiny droplets and is 
collected by the minerals as such. As the droplets increase in size with 
concentration, the thickness of the oil layer also increases in depth. 

5. Pure organic substances emulsified or dissolved in water are 
concentrated at mineral surfaces. No definite relation between molecu- 
lar structure and degree to which substances are coUected by the various 
minerals is established. Experiments were not carried far enough to draw 
any conclusion. Minerals possess decided sdective collecting properties 
for pure substances in water as well as for oils. 
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6. Experiments in which, a given emulsion is treated successively with 
new batches of mineral particles indicate: (a) that the surface tension of 
the emulsion is increased by each mineral treatment for a given number 
of treatments, when the surface tension reaches an apparent ma ximum ; 
(b) that the apparent maximum surface tension is less the higher the 
original concentration of the oil emulsion; and (c) that the amount of 
oil collected by the mineral is less with each successive batch of mineral, 
ran^g from the equivalent of oil layers many molecules deep to layers 
approaching a single molecule deep. In the case of the oils tested it 
would appear: (o) that before the apparent maximum surface tension of 
the emidsion is reached, the mineral particles are collecting oil droplets 
from a true oU-in-water emulsion; and (b) that after the apparent 
maximum surface tension is reached, we are dealing with a true 
solution and that oil molecules are being adsorbed by the mineral. 
The original emulsions are turbid while the final solutions are clear to 
the eye. 

7. Chemicals profoundly affect the oil-collecting properties of minerals. 
The normal order of minerals in their oil-collecting capacity may be 
entirely upset by the presence of a small amount of an electrolyte in 
solution. 

8. The drop-weight and the film methods of measuring surface tension 
give practically identical oil-collection concentration curves. 

9. The maximum amount of oil that a mineral will remove from an 
oil-water emulsion is obtained more quickly when numerous air bubbles 
are beaten in with the mixture than when the minerals are simply allowed 
to fall throu^ the emulmon. 
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DISCUSSION 

Abthur F. Taggart, New York City, N. Y. — ^The author states, on 
p. 735, that estimates ‘‘place the thickness of the layer of oil collected 
on the surfaces of various minerals at betweeen 10 and 100 molecules deep 
for low oil concentrations/' Such thick layers are not to be expected 
from consideration of the molecular forces acting, and my experi- 
mental work leads rather to the conclusion that 90 to 99 per cent, of such 
quantities of oil is present on the mineral particles as droplets. Of course, 
if the total thus abstracted is averaged over the total surface, it cor- 
responds to layers of the molecular thicknesses mentioned by the author, 
but in the present state of our knowledge it should not be thought to exist 
in the physical state of a uniform layer. 

A. M. Gatjbin,* Philadelphia, Pa. (written discussion). — ^The author 
presents the results of investigations that emphasize the molecular 
character of flotation phenomena. In this connection it might be inter- 
esting to describe a striking experiment devised by Dr. Irving Langmuir. 
A drop of nujol placed on the cleaned surface of a body of water fails to 
spread, but if a minute amount of oleic acid, pine oil, or amyl acetate is 
placed on top of the nujol drop by means of a looped platinum wire, 
within a short time the drop spreads vigorously. This indicates that the 
oil added to the nujol has diffused through the drop and reached the water. 
We infer that the surface tension of the contaminated nujol plus the inter- 
facial tension between it and water is less than the surface tension of water, 
while the surface tension of nujol alone plus the interfacial tension 
between it and water is more than the surface tension of wat^. This 
result can be explained satisfactorily by postulating that the oleic acid, 
pine oil, or amyl acetate molecules orient themselves with their polar 
ends toward the water and their non-polar end toward the nujol, to 
decrease the nujol-water mterfacial tension. 

When such considerable effect as the spreading of a comparatively 
large oil drop is brought about by minute amounts of certain substances, 
the importance of contamination in surface-tension investigation is 
emphasized. Contamination might, for instance, account for some of the 
differences recorded by various observers for the surface tension of pure 
water, as tabulated on p. 653. Contamination of the character just 
related is likely to occur in the use of paraffined glass containers, as 
pointed out, on p. 675, in the sixth conclusion. 

The evidence, in Table 4, as to the contamination of tap water can be 
profitably compared with a surface tension-contamination curve for 


* Besearoh Department, The Midvale Co. 
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oleic acid.®* In drawing a curve, Fig. 21, from the results contained in 
Table 4, the abscissa chosen is “crowdii^” of the molecules of con- 
taminant upon reduction of the contaminated surface to lesser and lesser 
areas. It is the exact counterpart of “amount of oleic acid added” at 
the other curve. The similarity between the two curves is such thin 
one ■would easily mistake them one for the other, and points conclusively 
to a substance closely allied to oleic acid as 'the cause of the contamina- 
tion, rather than to COs, as suggested by the author. 
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The time factor is emphasized in connection with the determination 
of surface tensions. It is unquestionable that a certain time is required 
to attain equilibrium between a freshly formed surface and the bulk of a 
liquid; but while a comparatively long time may be required for particles 
animated by Brownian movement, such as emulsion particles or for 
colloid particles, the time required should be much smaller for molecular 
or ionic solutions, the elements of which move at tremendously greater 
speeds. On reaching the surface, emulsion or colloidal globules probably 
lose their individuality to become part of a layer; while this is not true of 
molecules or ions, so that one may look on adsorption at the surface of an 
emulsion as being essentially a different process from that of adsorption 
at the surface of a true solution or at the interface between a true solu- 
tion and another phase. While he criticizes surface-tension measure- 
ments of true solutions in which the time factor is disregarded, the author 
gives no evidence whatever to support his view that the surface tension 
of solutions diminishes with age. Such evidence, however, is necessary 
to compel a change in the accepted view that adsorption from a true 
solution is instantaneous, for all practical purposes. 

«* A. F. Taggart and A. M. Gaudin : Surface Tension and Adsorption Phenomena in 
Flotation. Trans. (1923) 68, 507. 
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During the process of adjustment leading to equilibrium between 
the surface and interior of an emulsion, a layer of oil gradually forms at 
the surface. It may never become visible by interference colors, as 
such colors appear only when the oil film reaches a thickness of the order 
of one-quarter of the wave lengths of light, i. e. from 100 X 10“^ to 
200 X 10"^ cm.; in other words, the oil film would have to be of the order 
of 100 to say 400 molecules thick in order to become visible. Therefore 
the distinction which the author attempts to introduce, on p. 658, 
between the films formed by emulsions of higher and those of lower 
concentrations appears inacceptable, as it is a difference of degree rather 
than one of kind. 

On p. 664, the author tabulates “the surface teoisions of water on 
which films of a few common flotation oils have spread to their extreme 
limit and therefore are supposedly molecular” in which the value for 
oleic acid is given as 46.2. This value for oleic acid is generally accepted 
to be in the vicinity of 71.5 dynes per centimeter (Langmuir, Perrin, 
and others). On the other hand, when there is on the surface of water 
more than enough oleic acid to form a film one molecule thick, the 
surface tension is considerably lower than 71.5 dynes per centimeter. 
With three times as much acid as is necessary to form a monomolecular 
film, the surface tension was found®® to be in the vicinity of 45 dynes per 
centimeter. This is in agreement with the figure of 46.2 dynes mentioned 
by the author. The sudden drop in surface tension from 71.5 dynes per 
centimeter, after oleic acid is added in excess of a monomolecular film, is 
understandable if one assumes that the oleic-acid molecules in excess of 
the monomolecular film are near enough to the water to have their 
OH" end oriented toward the water by the stray fields of the water 
molecules or ions (H+ and OH”) and are crowding between the film 
molecules, thus causing a compression in the film great enough to reduce 
the surface tension so materially. Although there is no direct evidence 
to prove such a phenomenon, it gives a satisfactory picture of the 
mechanics of this “surface reaction.” 

The spreading coefl&cient given by the equation S = Wa — Wc, on 
p. 664, is applied by the author to complex mixtures, such as flotation 
oils. This should be done only with great caution for we have no 
evidence that it applies to systems other than true solutions composed 
of one solvent and one solute. 

The author finds that the amount of oil removed by mineral particles 
from flotation oil-water emulsions would cover the mineral particles with 
a film from 10 to 100 molecules thick which he carefully and justly avoids 
calling an adsorbed film. In the footnote on p. 721 is suggested a very 
interesting and plausible explanation of the mechanism of adsorption 
from emulsions. 


A. F. Tassart and A. M. Gaudin, he, cU, 
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Application of Sand-flotation Process to the Preparation of 

Bituminous Coal 

By T, M. Chance, Philadelphia, Pa. 

(New York Meeting, February, 1924) 

The necessity of adopting improved methods of bituminous-coal 
cleaning at many collieries is recognized by aU familiar with the require- 
ments of the various bituminous markets, the approaching exhaustion of 
the relative^ small areas of inherently high-grade coal, and the difficulties 
encountered in maintaining a uniform grade of shipped coal. 

Many coals lose much of their market value by degradation in size, 
and, in any event, if the cleaning process is to contemplate wetting the 
coal the minimum amount of fines should be produced to prevent dudge 
losses and the difficulties resulting from the moisture content of the wet 
fines. Hence, it is desirable to bypass the finer coal dry, if this can be 
done without too great increase in impurities in the final product. This 
procedure has given excellent results at washeries at Steelton and in the 
Birmingham district. If the raw fines are too impure to permit admixture 
with the washed coal, it may be derirable to use dry methods, such as the 
pneiunatic table, rather than to wet an excessive amount of such 
fine material. 

The bituminous-coal deaning plant shoffid therefore: (1) Treat the 
raw coal in as lai^ lump as possible and without sizing; (2) diminate 
degradation of p\ue coal in the washing process; (3) avoid wet- 
ting the fines, if possible; (4) produce washed coal practically free from 
medumically included impurities; (5) crush the refuse and retreat, if much 
intergrown coal mid refuse are present, rather than precrush the 
entire feed. 

Ordinary gravimetric methods of concentration, whether hydraulic or 
pneumatic, will not meet all of these requirements, as the large lump 
includes those sizes now sent to the picking tables, if it is desired to treat 
material of such size. I do not know of any prior commercial method, 
based on the falling velodty, coefficient of friction or resistance to 
fracture, that permits the production of dean coal varying in size from, 
say, 10-in. lump to He-in- mesh. 

The effect on the specific gravity of any given coal as a result 
of variations in ash and pyritic sulfur content is wdl known; in fact, it 
has been made use of in commercially ascertaining ash content by deter- 



T. M. CHANCE 


741 


TniTiing the density of coal samples. Fig. 1^ illustrates these relationships 
graphically. If a method of washing were used that made possible the 
production of washed coal at, say, 1.35 specific gravity, for the coal 
assumed in the chart, no piece of coal, whether 10-in. lump or 
mesh, of greater than 10 per cent, ash, and 0 per cent, pyrite sulfur, 
6 per cent, ash and 0.6 per cent, sulfur, etc., would be included in the 
washed product. Such results would possess obvious inherent advantages. 



Fra. 1. — ^Rblation BaTWXBir sfbcifio osAviTr or coax, aitd its pbbcbntagi] 

or ASH AND smJrUB, BASBD ON VOIXOWING FACTOBS: PtrBB COAD, SF. OR. » 1.25; 
CDAT ASH, SF. OB. •« 2.3; SULFUR, 1 FBB CENT. » 2 FBB CENT. FllSi, HATINO SP. 
OB. «= 4.9. 

The familiar fioat-and-sink test, using zinc chloride, or other, 
solutions, provides float and mnk products dependent on these ph 3 rsical 
properties of the coal and refuse. On a laboratory scale, it makes 
possible a dose approximation to separations based on the data of the 
curves in Fig. 1. Tl^e properties of the high-density solutions available 
for such flotational separations, however, are such as to preclude their 

>A New Method of Separalazig Materials of Different Spec^ QiavitieB. 
TruM. (1018) S9, 267. 
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commercial use. There has been developed, however, what has been 
termed a fluid mass, of like characteristic as to density, of low viscosity 
that permits of its commercial use. 

This method of separating materials of unlike specific gravity, using 
such a fluid mass is now known as the sand-flotation process.* The heavy 
density fluid mass is produced by maintaining a comminuted solid, such 
as sand, in suspension in a liquid, such as water, by the mechanical energy 
of agitating water introduced under pressure, a mechanical agitator, or a 
combination of both. The resultant process of separation makes possi- 
ble the design of a coal-washery embodjung the desirable features 
already enumerated. 





To SitppirtffFockefs 
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^ud^Coat 

AqinrhonWa'hr 


Fig* 2. — Diagbammatic abrangbsmbnt op sand-plotation process for coal. 


Fig. 2 illustrates the elements of one form of apparatus commercially 
used in the washing of coal by this process. Many other types of equip- 
ment could be used, some of which are now being designed. 

The fluid mass, an agitated mixture of sand and water, is contained 
in a cylindrooonical receptacle provided with a cylindrical lower exten- 
sion, called the classifier column. At the base of iiiis column, slide valves 
and a refuse chamber are fitted for the removal of the refuse sinking in the 
fluid mass; the refuse thus trapped out of the cone passes into a water- 
sealed conveyor. Agitation is effected by water passing up the classifier 
column, assisted and distributed by slowly moving stirring arms. The 
water classifies out the greater part of the sand; the remainder is 
reclaimed on the refuse desanding screens. 


*Loc, c£t. 
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The raw coal is fed into the upper part of the cone; the refuse sinks 
and the coal floats in the upper part of the fluid mass. The floating coal 
is washed out of the overflow of the cone by the sand return from a centrif- 
ugal sand pump, the sand being reclaimed on the clean-coal desanding 
screens and, joining that from the refuse screens, passes to a conical sand 
sump connected to the sand pump. 

This sand sump acts as a large classifier, the finer silt passing upward 
to the rim overflow with the agitator, shaker spray and other clear water 
and the coarser sand sinking to the sand-pump suction. The water 
overflowing the rim of the sand sump is passed to waste or to a sludge 
recovery tank for recirculation. 

A layer of comparatively dear water is maintained on the top of the 
fluid mass in the separating cone. This has the dual fxmction: it acts as 
a washing agent and assists in removing sand from the washed coal as 
it discharges upon the desanding screens, and it increases the relative 
buoyancy of the floating coal so that the coal rides higher in the top of the 
fluid mass. 

Eight anthracite mining companies are now licensed to use the 
process; six plants have been placed in operation and three are under 
construction. Of these, six plants contain one 16 ft. diameter Type C 
separating unit, two plants contain two 7 ft. 8 in. diameter Type A units 
and one plant is provided with a single Type A unit. The 15 ft. Type C 
unit will treat up to 200 tons per hour of fresh-mined coal, or 150 tons per 
hour of culm (refuse) bank material. The 7 ft. 8 in. Type A unit will 
handle about 60 tons per hour of fresh-mined coal, or 30 tons of culm- 
bank material. In all the plants, an effort is made to remove the greater 
portion of the silt passing a hole screen before washing. At some 

of the plants, small sUt screens (Hum-Mers or very high-speed shakers) 
are used for continuously screening silt from a bypassed part of the sand 
return. At the others, the sand return is pumped over the main desand- 
ing screens for a few minutes during the shift, after all the coal is out of 
the system; the shaker screens then act as sluices to riflde out the coal silt. 

Types op Plant Installed 

The Lippincott Washery, of the Pine Hill Coal Co., has been chosen as 
a typical unit; its general arrangement is shown in Fig. 3. 

This washery is laid out for a second 15 ft. unit to be located on the 
opposite side of the coal pockets, to handle fresh-mined coal; the combined 
fresh-mined coal capacity of the two units will be in excess of 2000 tons 
per day. The present plant is treating a refuse bank and fresh-mined 
coal from the Oak Hill breaker (located adjacent to the plant). Not- 
withstanding that all sizes from egg to barley are being washed in the one 
unit and that a high specific gravity is mamtained to permit maximum 
bone extraction from the refuse-bank feed, the average of twelve cars of 
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T^q. 3. Oak Hnji plant op Fine Hill Coal Co. fob cleanino antbbacite bt band-flotation pbocess. 
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No. 1 buckwheat produced during January, 1924, was but 10.9 per 
cent. ash. 

Fig. 3 shows that the general layout is quite simple. The feed brought 
in by the intake conveyor passes over the feed taking screens, which 
serve to remove the silt. The washed coal flows out of the cone and over 
the clean-coal shakers, which prepare the coal in seven sizes for market. 
The sand removed by the desanding elements of these shakers passes to 
the sand sump, to which is also returned the sand reclaimed from the 
refuse passing over the refuse shakers. This sand, which is used to pro- 
duce the overflow of coal from the cone, is returned by the sand pump and 
piping system to the top of the cone. The comparatively clear water 
reclauhed from the sand sump passes to the adjoining silt sump, which 
serves as a settling tank, whence it overflows into the annular space 
between the conical lining and the cylindrical walls of the tank, which 
serves as the fresh-water sump. This fresh water is repumped into the 
main breaker system by a 1500-gal. centrifugal pump, and is thus con- 
tinuously recirculated, over 80 per cent, being used for the shaker sprays 
and other miscellaneous supply of the system, and less than 20 percent, 
being used for the operation of the main cone itself. The hydraulic 
cylinders on the slide valves are operated by a small dear-water hydraulic 
system served by a 3-in. centrifugal pump, so that nothing but 
perfectly clear water is ever used, 

A portion of the sand return is passed over a Hum-Mer screen on its 
way to the sand sump; this screen removes part of the silt and thus pre- 
vents its accumulating to an objectionable amount. Of course, a certain 
amount of silt is removed continuously from the sand sump by the upward 
current of clear water, which flows from that sump to the silt sump, but 
enough coarse silt remains in the si’^tem to make some extraneous means 
of removing it from the sand desirable. 


OpnaaTiNa EESimTS 

The close regulation that sand flotation provides is shown by the 
aooompan 3 dng test results: 


Wilkub-Barbs Dibtbict; CHAuircisr Bbbakisb; Dxnsity 1.70 


Refuse to lank; average of aU aiees. 


1928 

June 7. . . . 

June 8 

June 9 

June 11... 
June 12. . . 
June 13. . . 

Avenge. 


Vieual inspection; daUy averages 


CoJlU 

Feb Cent. 

BONSe 

Fbb Cxmt. 

0.73 

2.30 

2.43 

6.25 

0.22 

1.67 

0.11 

1.15 

0.84 

3.50 

0.84 

3.60 

0.84 

3.08 
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Averagb OP CoAii Shipped, Week June 11, 1923 

Slate, * Bone, 

Peb Cent Pbb Cent 


Egg 1.9 4.6 

Stove 2.5 3.8 

Nut 2.6 2.3 

Pea 4.0 

Buckwheat 2.5 


Hazletok Distbict, Bbaveb Beook Breaker; Dbnsitt in Cone 1.75 

Refuse leading cone before crushing and rewashing; inspection by zinc chloride, float 
and sink at 1.75 sp. gr,, daily average 

Stove akb Labgeb Nxtt and Sualubb 


1924 Float, Pbb Cent. Float, Pbb Cent. 

Jan, 30 1.25 3.17 

Jan. 31 1.60 1.50 

Feb. 1 4.60 3.80 

Feb. 2 1.00 2.50 

Average 2.09 2.74 


Average coal bj’' visual inspection, 1.83 per cent, all sizes. 

Average bone by \’isual inspection, 10.96 per cent. aU sizes (concentration due to 
recirculation). 


Schuylkill District, Lippincott (Oak Hill) Washbry; 1.75 Density 


Washing Refuse Bank 


Average refuse, visual inspection 1.30 per cent, coal 

Washed egg, visual inspection 1.25 per cent, slate 

Washed stove, visual inspection 2.00 per cent, slate 

Washed nut, visual inspection 2.00 per cent, slate 

Washed pea, visual infection 2.50 per cent, slate 


Washed buckwheat including fresh- 
mined) 


3.4 per cent, bone 

1 . 0 per cent, bone 

2.0 per cent, bone 


10.9 per cent, ash 


Maintenance 

Some concern has been shown as to maintenance costs because of the 
introduction of sand flotation. Table 1 gives the average length of life, 
material costs, and cost per ton, based on the operating results of the past 
two years. Monthly shipments of 25,000 tons from a single 15 ft. Tsrpe C 
machine, fitted with an 8-in. sand pump are assumed. The figures are 
the maximum prices paid for the various items; some of the licensees 
have materially lowered their unit costs; also material, such as screen 
segments, that should be partly charged to supplies is included. These 
items cover all those that can be directly charged to sand flotation; against 
them should be balanced jig and table upkeep, together with a portion of 
the screen equipment of the ordinary breaker, together with a consider- 
able credit as a result of the much lower maintenance on the smaller, more 
compact building and drives necessary. The maintenance costs given 
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are total cost delivered at the colliery. They do not include labor, as 
colliery renewals of this kind are generally handled by a repair crew that 
is constantly employed on general breaker upkeep. 


Table 1. — Maintenance Costs 



Cost 

1 

life, Months 

1 Tonnage 

Per Ton 

i 

Complete sand-pump manga- j 
nese-steel renewals 1 

$480.00 

3 

1 

1 

76,000 

80.0064 

Refuse conveyor chain 1 

320.00 

6 

150,000 

0.0021 

Refuse conveyor flights 1 

190.00 

9 

225,000 

0.0009 

Desanding screen segments . ! 

270.00 

2 

50,000 

0.0054 

Slide valves 1 

400.00 

6 

150,000 

0.0027 

Slide-valve chests 

490.00 

12 

300,000 

0.0016 

Total maintenance per ton 

1 

1 

! 

1 

8.00191 


BiTUiONOtrs Coal Washing 


Three typical flow sheets that may be used to meet various soft coal 
operating conditions are shown in Fig. 4. Flow sheet No. 1 illustrates the 
simplest case, in which the feed contains but little refuse intergrown with 
coal, bone, or pyrite. No. 2 is a more complicated arrangement, refuse 


/fnecessa/^ BfTes, 
should btby-passeK 
as (mseasmacfKabfe[ 
fo avoid Sludge ( 
Recovery. 



)DumpChuk 

C^ump Chifh 

O Sump Chafe 

)Fseder 

O Feeder 

O Feeder 

) Lump Screen 

OLumpScreen 

OLumpScreen 

)/?«!& 

oms 

ORbIfs 

Xfeeol Screen 

OF^ Screen 

OFeedSereen 


FmeCoaiDru 

SeeNofe-A'^ 


■Fi'neCoalDry 


J Sami 
Smp 


smmcm. 

No.l 

Without Refuse Retreohnent 



ending 


'^SHlPPiOm ASH COAL 

No 3 

Producing Low Ash and Huh 
Coal WIthold- Refuse Retredtmerrt* 

Fig. 4. — Typical flow sheets foe cleaning bituminous coal by sand-flotation 


No 2 

With Refuse Retreotmeni’ 


PBOCESS. 


crushing and retreatment being desirable because of the presence of con- 
siderable such intei^rown material. No. 3 represents the case in which 
large amounts of bone, or high-ash coal, make desirable a two-part separa- 
tion. Refuse cru^ing and retreatment is not shown but may be 
employed if much intergrown material is present, the crushed refuse being 
returned to the original feed. 
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These flow sheets are purely diagrammatic and, of course, are subject 
to a variety of combinations. The fines should be kept dry, 

if at all possible, because sand flotation produces little sludge; hence if 
the raw ^es are dry, much of the diflhcultj' experienced with wet fine coal 
is eliminated. However, if it is impossible to bypass the fines in the raw 
state, or after dry cleaning, we would wash ever 5 ’tbing down to 
mesh, as sand flotation will produce the same ash and sulfur reductions in 
these fines sizes as in the large sizes. The only objection to including 
them is the wetting of any fine coal unless absolutely necessary. 

Bituminous Washert Estimates 

The estimates of construction, operating, and capital cost for a 
bituminous washery, designed to ship 1000 tons per day, are as follows. 
This washery has been laid out to utilize flow sheet No. 2, for the prepara- 
tion of coking coal; but one shipping track is, therefore, required and the 
expense of pockets or multiple loading tracks is obviated. The estimates 
include the necessary equipment for silt recovery. 


CoXSTBUCTtON CoST ESTIMATE 

Foundations, 150 yd. @$22 $ 3,300.00 

Steel frame, 165,000 lb. ® $0.07 erected 11,550.00 

Siding, 100 sq. @ $35 including glazing 3,850. 00 

Roofii^ 400.00 

Roof, flooxB, tanks, pockets, and all otber timber construction, 87,000 ft. 

@$120 4,440.00 

Hotaiy dump 3,500. 00 

Feeder 500.00 

Washery machinery, including 36 by 34 in. rolls, 24 by 30 in. rolls, shafting 

pulleys, gearing, belting, shaker screens, etc 12,842 . 00 

Intake conveyor, 30-in. rubber belt, idlers and pulleys 1,400. 00 

T^pe B coal washer, slide valves, and thrust cylinders. 5,000. 00 

Type B sand sump 1,200 . 00 

8-in. direct-coimected sand pump, manganese-steel lined 1,100. 00 

lO-in. direct-coimected water pump 600. 00 

S-in. direct-connected slide-valve pump 200 . 00 

Piping 2,500.00 

Sflt sump and conveyor 2,300. 00 

Motors and wiring 6,300. 00 

Machineiy erection 4,000. 00 


$63,982.00 

10 per cent, for contingencies 6,398 . 20 


$70,390.20 

Heating, lighting, substation transformers, mine-car trestles, laOioad siding, and 
refuse disposal not included. 
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Operating Cost and Capitaii Cost Estimate 

The following estimates of operating and capital cost are based on 
operation with a force account as below: 


Foreman 1 

Car dumpers 2 

Oilers 2 

Cone runner 1 

Slate valves 1 

Pump runner 1 

Eailroad car loaders 2 

Silt recovery 1 

Refuse disposal 1 


Total 


11 men @ $7 $77 

1 Foreman @ 10 * 10 


$87 


OPBRATINa AND CAPITAL CoST 1000 ToNS WASHED CoAL PBR ShIPT 

Pbb Ton 
W jLSHXD COAK 


Labor, 12 men, $87 $0,087 

Power, 295 hp. connected-load @ 75 per cent., 1770 kw.-hr. @ $0.02. . . 0.036 

Sand, 1 per cent, loss at $4 per ton 0. 040 

Oil and supplies 0.020 

Maintenance 0. 020 

Fixed charges @ 12 per cent, on $70,000 plant cost, @ 280,000 tons per 
annum. 0. 030 


Total operating and capital cost $0,233 
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Production of High-grade Blast-furnace Cote 

By H. M. Chance, PhuiAdelphia, Pa. 

(New York Meeting. February. 1924) 

Recent research work has shown that coal can be produced, at 
reasonable cost, from almost all coal-mining districts containing not more 
than 3 to 8 per cent, of ash. From coal so produced, an abundant supply 
of coke, suitable for blast-furnace operation, can be made containing 
from 12 down to 6 per cent, or less of ash. 

These statements apply broadly to the Appalachian coal belt, includ- 
ing most of the Tnining districts in Pennsj'lvania, Ohio, West Virginia, 
Kentucky, Tennessee, and Alabama. The exceptions will generally be 
found among those coals carrying a prohibitive percentage of sulfur. 
Any gravimetric hea^yr fluid method of separation will effect a reduction 
in the percentage of sulfur, but this reduction may not be suflicient to 
produce, from coal unfit for metallurgio use, a product that can be so used. 
Whena large part of the sulfur is in the form known as “organic sulfur, ”or 
is present as very findy disseminated and homogeneously distributed 
pyrite, possibly it cannot be eliminated from the low-ash coal produced. 
T^en the sulfur exists as pyrite in distinct layers, bands, or nodules, or 
when it is finely disseminated but is irregularly distributed, often a low- 
ash coal low enough in sulfur to make good metalluigic coke can be 
produced from relatively impure coals. 

It has generally been assumed that the quality of coke on which blast 
furnaces must be operated depends on the geographic location of the 
furnace, and that the grade of coke on which a blast furnace must operate 
is that produced &om the best coal obtainable by careful mining; or 
if the coal is prepared by washing, hand picking, or other means by which 
the foreign impurities are removed, that the grade of coke on which 
the furnace must operate depends on what has been termed the “inherent 
ash" of the particular coal. 

The term “inherent ash” is generally understood to mean the percent- 
age of a^ present after all removable (free) impurities, slate, fireclay, 
high-ash bony coal, and pyrite have been removed, and is usually applied 
to the percentage of ash present in run-of-mine coal from any mine after 
these impurities have been removed. Perfect washing, or perfect prep- 
aration, is understood to be attained when the percentage of ash in the 
washed coal is reduced to the percentage of inherent ash; that is, of ash 
that cannot be removed by the washing precedes in common use. Wash- 
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ing plants operated with this end in view generally can produce a prod- 
uct approximating the percentage of inherent ash by crushing most of 
the coal to small size. 

It is, of course, well known that the inherent ash in different benches 
or layers of coal may vary widely; in some benches it may be 6 per cent, 
in others 10 or 12 per cent, and in others still higher. This condition has 
brought about selective mining in which impure benches of coal in the 
upper or lower part of a coal bed are not mined, being left in place un- 
touched; if in the middle part of the coal bed, they are separated from the 
rest of the bed by the miner, or, by the system of mining used, are sepa- 
rately mined and thrown aside as refuse. 

Many observers have commented upon the concentration of the ash in 
planes parallel to the stratification of the coal, producing layers or laminae 
of high-ash coal alternating with layers or laminae of low-ash coal,^these 
being quite evident even on casuad examination. It has, however, been 
generally assumed that when a coal bench, say 4, 6, 10 in. or more thick, 
contains no visible stratified layers but is characterized by cleavage 
approximately at right angles to the bedding, developing what is known 
as the “finger” or “columnar” structure so that the coal of such bench 
or layer naturally breaks into long slender columns, the inherent ash 
is umformly distributed; that is, if the coal of such a bench shows 
by analysis, for example, 6 per cent, of ash, individual lumps or pieces into 
which the coal may be broken will each contain practically the same 
percentage of ash. The research work on which the foregoing conclu- 
sions are based has shown that uniform distribution of the inherent ash 
in any bench or portion of a coal bed is the exception and not the rule: that 
a bench of coal, such as that just described, showing 6 per cent, of ash may 
often consist of an irregular admixture of coal ranging from 2 up to 12 or 
15 per cent, of ash. li the pieces into which such coal are broken are 
separately analyzed these large variations in ash will be disclosed. In other 
words, the distribution of the inherent ash in coal is extremely irregular, 
because coal is not a homogeneous mixture of low-ash and high-ash coal. 

This generalization applies practically to all coals. Coals in which 
the inherent ash is high, say 10 per cent., may often consist of an admix- 
ture of coal ranging from 2 to 20 per cent, ash; to produce from such a coal 
a phenomenally low-ash product, it is therefore only necessary to separate 
the low-ash coal from that of higher ash content. 

The method su^ested consists in first removing the separable impuri- 
ties, slate, rock, fireclay, pyrite, etc., and in then making a differential 
separation of the coal into two or more products of relatively low and 
higher ash content. This differential separation generally need not be 
carried far enou^ to render the higher ash product worthless. For exam- 
ple, assumii^ the inherent ash in a given coal is 10 per cent. If the coal is 
divided into two equal parts, the low-ash half carrying 5 per cent, ash. 
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the higher ash half will contain 15 per cent, ash, which will largely reduce 
its value as a steam coal; but if 40 per cent, of the coal is separated as a 
7-per cent, ash coking-coal product, the 60 per cent, of higher ash product 
will contain 12 per cent, ash and can be utilized as a fair grade steam coal; 
or 30 per cent, of 6-per cent, ash coking coal can be separated leaving 70 
per cent, to be utilized as steam fuel containing 11.72 per cent. ash. If 
the inherent ash in a coal is 8 per cent., 50 per cent, may be separated as 
a 5-per cent, ash coking coal, lea-sung 50 per cent, as a steam coal -with 
11 per cent. ash. 

Differential separations of this kind can often be carried out without 
fine crushing. A recent test of a run-of-mine sample of coal from the 
Fittsbu]^ bed in Westmoreland County, Pa., was made as foUows: 
The coal showed by analysis 11.34 per cent, ash. The lumps were first 
broken so that all of the coal passed through a 4-in. round-hole screen. A 
screen analysis showed 

PBB CSNT. 


Through 4-m. over H-in, round-hole screen 48.07 

Through Jg-in. over round-hole screen 33.14 

Through round-hole screen 18.79 


100.00 


The 18.79 per cent, coal passing through screen was not 

washed, it showed by analysis 8.10 per cent. ash. 

All the coal from the 4-in. size down to the Ke-ui* was then separated 
from its removable impurities by fioat-and-sink method at a specific 
gravity of 1.29 and the refuse sinking at this gravity was separated by 
fioat-and-smk method at a specific gravity of 1.425 with the following 
result: 

Pbscsntaqb AftH 


Coal floated at 1.29 gr 37.77 4.75 

Coal floated at 1.423 sp.gr 36.03 13.22 

BefuBe8ankatI.423sp.gr 7.41 44.00 


81.21 

Fines, through }{e* 2 iL mesh not washed 18.79 8.10 


100.00 11.34 

The same coal separated at a specific gravity of 1.34 gave the following 
results: 

Pbboibntaob Asa 


Coal, floated at 1.34 sp. gr 48.68 3.30 

Coal, floated at 1.425 sp.gr 25.12 16.44 

Refuse, sunk at 1.423 sp. gr. 7.41 44.00 


81.21 

Fines, through Ke-ia. mesh, not washed 18.79 8.10 


100.00 11.34 
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It is evident that the 18.79 per cent, of unwashed fines carrying 8.10 
per cent, ash can be added to either the low-ash or the high-ash coal, so 
that by the two separations made coking coals and steam coals of the 
following weights and ash percentages can be produced. It will of course 
be understood that the percentage of low-ash coal recovered, and the 
percentage of ash, can be changed by increasing or decreasing the specific 
gravities at which the separation is made. 


Pittsburgh Coal 
Westmoreland 
County, Pa. 

Specifio Gravity, 1.29-1.425 

Specific Gravity, 1.34-1 426 

Fines Added to 
Steam Coal 

Fines Added to 
Coking Coal 

Fines Added to 
Steam Coal 

Fines Added to 
Coking Coal 

Per 

Cent. 

Ash 

1 

Per 

Cent. 

Ash 

Per 

Cent. 

Ash 

Per 

Cent. 

Ash 

Coking coal 

37.77 

4.75 

56.56 

5.87 

48.68 


67.47 

6.22 

Steam coal 

54.82 

11.46 

36.03 

13.22 

43.91 

12 30 

25.12 

15.44 

Refuse 

7 41 

44.00 

7 41 


7.41 


7.41 




11.34 


11.34 


11.34 


11.34 


Separations made on a sample of an Alabama coking coal carrying 
8.98 per cent, of ash at specific gravities of 1.25%, 1.29, and 1.37, the 
removal of refuse being in each case made at a specific gravity of 1.59, 
gave the following results: 


Alabama Coking Coal | 

Specific Gravity, 
1.26^-1.59 

Specific Gravity, 
1.29-1.59 

Specific Gravity, 
1.37-1.59 

Per Cent. 

Ash 

j 

Per Cent. 

Ash 

Per Cent. 

Ash 

Coking coal 

34.61 

1.86 

75.48 

2.52 

87.92 

3.50 

Steam coal 

58.33 

5.91 

17.46! 

12.55 

5 02 

20.19 

Refuse 

7.06 

69.17 

7.06! 

69.17 

7.06 

69.17 


100.00 

8.98 

100.00 

8.98 

100.00 

8.98 


It might be possible to lower the ash in the 5.02 per cent, of steam coal 
obtained in the separation made at 1.37-1.59 by recrushing such product 
and rewashing at the same or at a different specific gravity, but this will 
not be possible if this high-ash material consists prindpaJly of high-ash 
bony coal in which the ash is uniformly distributed. It will, of course, be 
understood that when any considerable quantity of high-ash bony coal 
of this description, that is with uniformly distributed ash, is present in a 
coal, its high ash must be obscured by adding to it considerable of the 

VOL. LXZ.--48 







754 


PBODVCTIOX OF HIGH-GBADB BIiAST-PtrBXACB COKE 


lower ash coal to obtain a coal carrying such moderate percentage of ash as 
will permit of its use or sale as a steam fuel. 

The described data are illustrated graphically in Fig. 1. F^. 2 is an 
j-ray photograph, natural size, of a piece of Pittsburgh bed, coking coal, 
ground flat on both sides and in. thick. It was exposed at a distance 
of 18 in. from the z-ray generator for 3 sec. The percentage of ash in 
this sample is probably not over 8 per cent, that being the average ash 
content of other pieces of coal of the same character forming a part of the 
same sample. It consists of irregular layers and laminse of very pure coal 
interleaved with irregular layers and laminse of relatively high-sish coal. 
The veiy pure coal is almost completely transparent to the x-iaya, but 
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Fig. 1. — ^Diffebentiai, sbpabation of coking coal. 


the materials comprising the ash are not tran^arent, so that the x-iay 
photograph ^ows the pine coal almost black and the high-ash coal of a 
hghter color, gray to white. Using the ®-ray photograph as a negative, 
the photograph is obtained in which the pure coal is of a gray color the 
presence of hi^er sish being shown sis dsirker gray, approaching black. 
By rising thinner sheets of coal, we hope to obtsun photographs that will 
^ow even more clearly the irregularity in the distribution of ash smd the 
very common presence of hi^-sish and low-sush coal in dose proximity to 
each other. It is not, of course, proposed to attempt differential sepa- 
ration on parts of coal beds exhibiting the very thin layers of low-aeh coal 
shown by the photograph, because very fine crushing would be necessary 
to separate coal of the low-ash layers from that of hig^^ ash. This 
particular specimen was selected to show how, even in a piece of coal 



H. M. CHANCE 


755 


of apparently good quality there is the same irregularity in the distribu- 
tion of the ash as is found in coal of inferior grades. 

The operator of blast furnaces is confronted with the increasing 
scarcity of low-ash, low-sulfur coal suitable for making the best grades of 
metalltirgic coke, with such increase in the demand for such coke as must 
accompany increase in the annual production of iron and steel products, 
and with increased or increasing impurities in formerly high-grade coal as 
now shipped from the mines. This deterioration in quality is more or less 
marked in nearly all mining districts, so that coals which as shipped in 
1914 may have carried 6 to 10 per cent, of ash may now (1924) carry 8 



Fig. 2. — X-bat fhotogbafh showing distbebution or ash in Pittsbubgh 
COKING COAL IN. THICK. LiGHT-COLOBBD LATEBS ABU FTTBE COAL; DABK- 
COLOBED LATE]^ IMPUBITIES. 


to 14 per cent, of ash, the increase in ash being generally due to the 
presence of free date, shale, rock, or fireclay. This means that many 
coals that formerly could be used raw for making coke of good to fair 
grade, now must be washed unless the blast-furnace manager can success- 
fully use cokes of poorer grade. 

To meet the increasing tonnage required for making metallurgic coke, 
in the absence of suflBlcient tonnage of high-grade low-ash coal, it has been 
necessary in many cases to add to the high-grade coal available a quantity 
of coals of poorer grade, thus obtaming a mixture of two or more coals 
that will produce a sufi5.eient quantity of coke, but of a grade inferior to 
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that available if high-grade coal alone is used, and much poorer than that 
available when the higher grade coals contained, as mined, a smaller per- 
centage of impurities. 

If coal is to be washed, or must be washed, the obvious plan is one 
providing not only for the elimination of free impurities but for the 
differential separation of the coal into at least two grades, because this 
differential separation can be effected at very small additional cost and 
will furnish the blast-furnace manager with coke superior to any 
heretofore attainable. 

Differential separation, as herein outlined, makes available vast stores 
of low-ash coal locked up in coal beds from which it has been impossible 
to ship anything better than fair grades of steam coal. 

DiSetential separations, such as those illustrated by the examples 
given, can be made by any liquid or solution having a specific gravity 
greater than that of the coal which is to be floated and less than that of the 
coal that is to be separated by sinking in the liquid. No liquids or solu- 
tions suitable for making such separations on a commercial scale have as 
yet been discovered or artificially produced. The nearest approach to 
such liquid or solution is a mechanical mixture of sand and water in which 
the sand is kept suspended in the water by mechanical or hydraulic 
{^tation or by a combination of mechanical and hydraulic agitation 
which has come to be known as the “sand flotation process.” 

This process has already been described.^ It is rapidly coming into 
use in the preparation of coal for market in the anthracite fields, where 
six plants are in operation, three are nearly finished, and others are 
being designed. The ox operating plants have an a^egate capacity of 
over 1,000,000 tons annually and represent capital expenditures of about 
$1,000,000. The first commercial installation was completed in the 
fall of 1921 and has been operating continuoudy (except during the sus- 
penfflon of work in the anthracite regions) for about two and a half years, 
^ving the benefit of prolonged experience with the process when operat- 
ing imder varying conditions. This experience in the operation of 
machines usng the process on a large commercial scale has developed the 
following certam characteristics of the process, which are of great impor- 
tance in the washing of bituminous coal: 

1. Separation can be made without the fine cradling required when 
washing coal by other methods. 

2. Effective and satisfactory separation can always be made of unsized 
coal. Sizing by screening is unnecessary, one machine will take all sizes 
mixed. 

* Thomae M. Chance: A New Method of Separating Materials of Different Specific 
Gravities. Tram, (1818) 69, 263; also, Application of Sand-dotation Process to the 
Preparation of Bituminous Coal See page 740. 
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3. The capacity is large; the maximum capacity is uuknoTm. One 
machine 15 ft. in diameter has continuously been fed with unsized coal 
at a rate of over 200 tons per hour, with not more than 60 per cent, of 
the superficial area of the machine being actually used in effecting the 
separation. This w'ould indicate a separating capacity of 2 tons or more 
per hour for each square foot of separating area. 

4. The specific gravity of the separating medium (mixture of sand and 
water) can be closely regulated at any desired density and held approxi- 
mately constant at the desired density. 

6. The consumption of sand can consistently be kept at less than 1 
per cent, by weight of the tonnage of coal treated and, with care in instal- 
lation and operation, can be reduced to a small fraction of 1 per cent. 

6. The production of sludge by attrition in the machine is extremely 
small. 

7. When making a differential three part separation, the products are 
low-ash coal, containing practically no pieces of high-ash coal; high-ash 
coal, containing practically no pieces of low-ash coal or of refuse; refuse, 
containing practically no pieces of high-ash or low-ash coal. 

While this paper has been prepared to present to the iron and steel 
industries the possibility of securing better coking coal and of obtaining 
coking coal from coal fields heretofore considered outside the pale from a 
coking standpoint, its application to the washing of bituminous coal is also 
adapted to the better and cheaper preparation of bituminous coals for 
steam, domestic, and other uses. 
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Dry Cleaning of Coal 

Bt Rat W. Asms,* E. M., Chicago, In. 

(New- York Meeting, FebroAryi 1924) 

Dbt cii3EiAXErQ, or pneumatic separation, is not, strictly speaking, 
a recent discovery. Among the archives of the Patent Office may be 
found many patents dating back as far as 1850 which cover early attempts 
to separate materials of varjnng specific gravity or of different shape by 
means of air. Hundreds of patents covering this art have been issued, 
which may be roughly classified into four general groups?, as follows: 

1. Stationary devices with pulsating air currents. The separating 
surface is usually riffied and air is supplied by bellows or compressors. 
This group also includes air jigs, which have been used rather eirtensively. 

2. Stationary devices with continuous air currents. These submitted 
the material to a continuous current of air, either horizontal or vertical. 
Chaff is blown from wheat by such a device. 

3. Reciprocating or vibrating devices with pulsating air. A small 
group in which the pulsating air is supplied by bellows and some motion 
provided in the separating surface to move the stratified material to 
various discharge points. 

4. Reciprocating or vibrating devices with continuous air supply. 
This is by far the most important group and all recent developments 
have been along this line. 

All of the above groups involve the stratification of material by air 
and include none of the dry methods that use other principles, such 
as coefficient of friction, magnetism, etc. 

Aie Stbaufication 

In all of the above groups of air separatii^ devices, the same pliftnninftTni. 
are found as exist in water concen^ators; that is, free settling will be 
found in some and hindered settling in others, with a complex action on 
the reciprocating tables similar to the wet tables. 

The experimental value of the settling ratios of particles in air has 
never been determined but, following the formulas given in Richards’ 


* Contiscting Eogineer, Roberts & Schaefer Co. 
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“Ore Dressing,” they can be calculated. The formula for the settling 
velocity of particles in any medium is as follows : 

V = Cy/{8 - Si)D 

in which 

V = velocity of the particle 
8 = density of the particle 
5i = density of the medium 
D = diameter of the particle 

C = a constant depending on the shape of the particle and the 
units used. 

The constants referred to have never been determined for coal and slate, 
but in the estimation of the writer the constant for slate will be about 
0.85 of that for coal because of the usual tabular formation of the slate. 

To determine the free settling ratio, which is the relation between 
diameters of particles settling in a medium at the same rate, the two 
velocities are equated and the ratio of the diameters determined. Thus: 

IOOVDc (1.3 - 0.00124) = 8Sy/D, (2.6 - 0.00124) 

^ « free settling ratio of coal and slate in air = 1.4 

In wet concentration, it is a known fact that the hindered settling 
ratio is much larger than the free settling ratio and it is reasonable to 
suppose that the same holds true with air separation. From experiments 
that have been made so far, it is reasonable to assume that the hindered 
settling ratio is approximately 2.5. This settling ratio governs the siz- 
ing that must precede concentration and will vary in different coals. 


Quantitt and Pbessube of Am 

The theoretical calculation of the amount of air that will be required 
to suspend a bed of coal and refuse sufficient to cause stratification is 
indeterminate, owing to the fact that this suspension is accomplished 
partly by the static pressure and partly by the velocity of the air; but 
the two limits caused by these factors may be foimd, and the calcula- 
tion is determinate to that extent. The effects of these two factors may 
be observed best by considering the extreme cases: first, of a single parti- 
cle of coal being lifted or suspended by a blast of air; second, of an air- 
tight bed of particles bdng lifted by air pressure. 

•In the first case the lifting power of a blast of air is roughly equal to 
its velocity pressure. For example, a velocity pressure of 0.1 lb. per 
sq. in. will have a buoyant effect of 0.1 lb. per sq. in. over the surface of 
the particle. Any particle weighing less than 0.1 lb. per sq. in. of cross- 
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section will be lifted by this velocity and, conversely, a particle of more 
than this weight will sink. It is assumed in this discussion that the 
particles are roughly cubical or spherical and that the area subjected to 
the action of the air is cross-sectional area. For particles of any other 
shape, the minimum cross-sectional area should be used, as the particle 
will assume a position in a blast of air that will bring its long axis parallel 
with the direction of the air current. It is manifest that the above theory 
will be somewhat complicated by the eddj'ing air currents, which vary 
considerably with the shape of the particles. It is presumable that cubi- 
cal particles would be easier to support than flat slabs or more or less 
“stream-lined” shapes. The formulas required to figure the lift on a 
particle are derived from the elementary physical formula 

y*^2gk 

in which 

y = velocity of air in feet per second 
g = force of gravity 
h = head in feet 

In coimection with this discussion, this formula means that a pressure in 
pounds per square inch equal to the weight of a column of air 1 sq. in. 
section and h feet high will cause air to flow at the rate of V feet per 
second. For example, 0.1 lb. per sq. in. pressure at 32® F. and 30 in. of 
mercury is obtained by a certain height of a column of 1 sq. in. section : 

Weight of air = 0.080975 lb. per cu. ft. 

Column 1 inch X 1 inch X 1 foot = = 0.000562 lb. 

0.1 lb. = o.fWOS^ “ “ * 

7 » V2 X 32 X 177 
= 106 ft. per sec. 

= 6360 ft. per min. 

To calculate the size of coal that will be sustained by this velocity 
is to calculate the size of particle presenting 0.1 lb. per square inch of 
sectional ares. Using the cube as the shape: 

0.047 lb. = weight of 1 cu. in. coal at 1.3 sp. gr. 

X — any dimension in inches 
0.047®* = weight of coal particle 

^ = number of particles covering 1 sq. in. 

X 0.047®* = weight of 1 sq. in. of particles 
but the particles weigh 0.1 lb. per sq. in. 
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Therefore X 0.047®* = 0.1 

and X = 2.1 in. 

Thus a velocity pressure of 0.1 lb. per sq. in. representing a velocity of 
6360 ft. per minute will support a 2-in. cube of coal. 

Conversely, the velocity required to support any size of particle may 
be calculated as follows: Assume a M~iQ- cube of coal 

0 047 

Weight per square inch = — = 0.023 lb. 

. _ 0.023 _ . ^ .. 

" “ 0.000562 ~ ”• 

V = \/2 X 

= 51 ft. per sec. 

= 3060 ft. per min. to support ^-in. coaJ 

The second factor entering into the stratification of coal by air is 
the static pressure rmder the bed. If this bed of coal were so closely 
packed as to be airtight, the total pressure acting upon it would be the 
maximum pressure the fan or blower could produce. If a centrifugal 
fan or blower is used, it is possible to maintain a pressure as hi^ as 8 or 
lO'in. w.g. and this entire pressure would be exerted to lift and loosen the 
bed of coal irntU a certain air velocity could be obtained. The lifting 
power of this static pressure is quite high and is found as follows : 

1-in. W.G. = 5.2 lb. per sq. ft. 

This will balance a solid bed of coal 0.77 in. deep 

8-in. W.G. win balance 8 X 0.77 = 6.16 in. of coal 

A fan of the type usuaUy used, therefore, wiU provide sufficient static 
pressure to open up any bed of coal that may be put upon it but usually 
win not provide sufficient air to support the particles by velocity pressure 
alone unless the particles are very smaU. 

In the operation of a dry-cleaning table, the air actually used is much 
less than is required to completely support the particle and the pressure 
of the air immediately below the coal bed is very low as compared with 
the maximum pressure the fan wOl generate. The condition sought is 
a loosening of the bed so that the refuse wiU sink and the coal tend to 
float. To obtain this condition it is necessary to find the balance between 
the weight of the particles involved and the static and velocity pressures 
of the air. 

SsASONAli AKD AliTirUDB VaBIAXIONS OF AlB llBQITIBSiMBNXS 

Since cold air is heavier than hot air, less of it will be required by 
volume to support the coal, but vdocity pressure will remain the same. 
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More power is required to move equal volumes of cold air but the require- 
ments of cleaning will remain practically constant, as less of the cold air 
is required. In rarefied atmospheres, fan speeds should be relatively 
higher but power should not show much variation. 

This discussion of theorj’ leaves much to be desired in the way qf a 
definite basis on which to make calculations but it is hoped that it may 
suggest some starting points for investigation, which will bear fruit in 
the form of data and constants which will be useful in the future develop- 
ment of the art of dry cleaning. 

Pbesext Statxts of Dbt Clbaxing 

A large plant using air cleaning tables is being built and tested at 
McComas, W. Va. This plant started cleaning coal about the first of 
May, 1923, and has been operating more or less continuously since.* 
During this time the cleaning tables have operated with entire satisfaction, 
even exceeding the expectations of the most sanguine enthusiasts. 
Xo structural defects have developed and the tables have thoroughly 
established themselves as highly efficient coal-cleaning devices. However, 
there have been imforeseen difficulties at McComas which have delayed 
the successful operation of this plant as a complete unit. 

Dust Collecting at McComas and Raton 

The dust-collecting system proved to be inadequate for the large 
volumes of dust created by this kind of handling of Pocahontas coal. 
This problem was submitted to the B. F. Sturtevant Co., which installed 
a complete new system that is now handling the dust in a satisfactory 
manner. The failures of the original installation at McComas and at 
Baton, N. M., were due to the fact that the volumes of air handled 
throu^ the dust-collector system were too small. The Sturtevant 
system uses large volumes, large pipes, and large coIlectorB, with a power 
consumption only slightly greater than the original system. 

Scareens at McComas 

The screens originally installed at McComas were of the anti-gravity 
type with head motion and details used for the first time on the McComas 
installation. This type of screen shows certain structural advantages, 
particularly in its adaptability to level floor design, but it had not 
been sufficietitly developed mechanically to withstand the hard usage 
to which the screens were submitted and breakage of parts frequently 
interrupted operation. 


^ Written in Noveanber, 1923* 
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The vibrators which enlivened the screen surface also gave trouble 
and inefScient screening so interfered with the operation of the tables 
and caused the circulation of so much dust in the air, which should have 
gone to the undersize, that it was decided to replace the screens with 
Hum-Mer screens, of which the operating characteristics are well known. 

Offier Plants 

There is now under construction a 150-ton per hour dry-cleaning plant 
at Wyco, W. Va., which was contracted for by the Wyoming Coal Co. 
after the officials of that company had carefully followed the progress of 
the McComas plant and had convinced themsdves that the difficulties 
experienced there were capable of solution. This plant is designed and 
built by the Roberts & Schaefer Co., using American pneumatic 
separators, Sturtevant dust collector, and Hum-Mer screens. A com- 
plete description of this plant will soon be published. 

Many operators have declared that they are entirely in favor of dry 
cleaniug and are merely awaiting the satisfactory working out of the 
details of the accessory apparatus before erecting the necessary plants. 

Other Drt-clbanimtg Devices 

A dozen or more new dry-cleaning tables are in course of development. 
Some are in the experimental stage, some are being transferred to 
coal cleaning from the field of ore concentration, and one at least 
is being included in the equipment of a plant under construction. 
None, however, has been placed on general sale except the American 
pneumatic separator. 

American Pneumatic Separator 

This separator has been frequently described in the technical press. 
Briefly, it consists of a perforated deck through which air is forced by a 
centrifugal fan. The top of this deck is riffled and reciprocated in the 
direction of the riffles by a head motion which forces the material 
forward. A side slope to the deck causes coal to flow over the table 
to the side, assisted by the air, and the reciprocation of the table causes 
the refuse to advance to the end of the table between the riffles. This 
combination of motion and air causes the deliveiy of refuse on one end, 
gradually grading into clean coal at the other end. 

This separator is capable of cleaning coal as large as 2 in. in diameter 
and as fine as 100 me^, by using the proper deck for the size treated. 
The coal is first sized so t^t the finest particles in the feed are about 
half the diameter of the largest, to get the best effect. The capacity of 
the table varies according to the size of the coal; coal about 1 in. in diam- 
eter has the highest capacity, about 25 tons per hour. The power 
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required to operate the table, including fan, head motion and feeder, 
also varies according to the size of coal and the capacity and has its 
maximum at about 25 horsepower. 

The American pneumatic separators are designed and manufactured 
by Sutton, Steele & Steele, Inc. of DallM, Texas, for many years makers 
of dry-separation devices, and marketed by the American Coal Cleaning 
Corpn., which has an exclusive right on these separators for the treatment 
of coal. 

The cleaning tables at Eaton, N. M. were manufactured by Sutton, 
Steele & Steele and sold directly to the St. Louis, Rocky Moimtain & 
Pacific Coal Co. before the American Coal Cleaning Corpn. was organized. 
They are of a smaller type than the so-called American pneumatic separa- 
tor, being designed primarily for seeds, grains, and ores, but are fully 
as effective except that they have a lower capacity. The American 
pneumatic separator, with its higher capacity and other features pecu- 
liar to coal cleaning, was designed by Sutton, Steele & Steele at the 
request of the cleaning corporation. This type of separator was installed 
at McComas and also at Wyco. 

Sizing 

In aU of the tests made on this separator, the coal has been prepared 
for cleaning by a preliminary screening into several sizes. This practice 
has been followed at the Eaton and McComas plants in order to secure 
the best possible cleaning. Given the advantage of close sizing and 
middlings return, the pneumatic table will closely approach perfect 
cleaning on the sizes treated. By perfect cleaning is meant the complete 
removal of all material heavier than a certain predetermined specific 
gravity, with the loss of none of the lighter particles into the refuse. 
This perfect cleaning may not produce a clean coal with as small an ash 
content as may be desired, but if not, it is the fault of the coal and not of 
the cleaning. 

If this perfection of deaniag m not required and it is desired merely 
to remove a portion of the heavy material, it can be done with the dry- 
cleaning tables wifliout such dose sizing. Also, those coals which have 
small proportions of bone coal and other constituents of intermediate 
specific gravity will require less attention to sizing than coals with much 
of this materld. 

For proper dry cleaning, therefore, close sizing is essential to get 
eflSdent deaning but a considerable reduction in ash can be accomplished 
without it. 


Dry Feed 

For the most efficient screening into the various dzes, the feed should 
be reasonably dry. Coal that is dampened by moisture other 
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“iiiherent” moisture screens with difficulty and carries much of the fine 
clinging material into the oversize. This is no great detriment to table 
operation except that it cuts down table capacity by subjecting much 
material to treatment which receives no benefit. Coals which contained 
as high as 12 per cent, moisture have been treated on these tables with 
good results. It may be said, therefore, that any coal that can be 
screened can be cleaned. Thus the matter of moisture in the coal 
becomes , purely a screening problem^ and even should the coal be 
screened by wet screening, with sprays, the sized products may be 
subsequently tabled. 

Middlings Disposition 

On the American separator, the various products are in plain sight 
and can be easily directed into clean coal, middlings, or refuse chutes, 
or as many different grades of coal as may be desired, by a very simple 
adjustment. The present practice is to return the middlings to the feed, 
the purpose of this being twofold; first, to allow “accidental” middlings 
another opportunity to tod their proper zone; second, to take care of any 
fluctuations in the refuse content of the feed. With this practice, the 
operator is not required to shift the divider with every variation of the 
refuse line. 

Another advantage of this graded discharge is the possibility of 
adjusting the products to suit various market conditions. Portions of 
high-grade coal may be taken off to fulfil rigid specifications by either 
wasting a certain amount of the inferior grades of coal or making separate 
disposition of them. The Tise of a lar^ amount of intermediate coal for 
steam around the plant will improve the remainder of the slack destined 
for shipment; in fact, the more of this that can be used, the better is the 
boiler fuel as well as the shipped portion. 

Restjlts of Dbt-clbaning Tests 

Many coals have been tested on dry-cleaning tables with uniformly 
satisfactory results. Table 1 shows some actual tests made on repre- 
sentative coals; Table 2 shows results at Raton. The tables used at 
Raton are small in size but the quality of the cleaning is representative. 


Table 1. — Tests on Dry-cleaning Tables 


Ejkd of Coal 

No. OF Tests 
COKDUCTED 

Pbb Cent. Ass 

Ceudb Coal ‘ Clbait Coal 

Peb Cent. 
Redoctiom 

No. 3 Pocahontas seam 

18 

10.04 

6.37 

46.61 ■ 

No. 6 Illinois seam 

4 

13.37 

6.93 

48.17 

No. 4 Indiana seam 

4 

11.16 

6.79 

38.69 

Ctinchfidid, Va 

1 

11.64 

4.63 

60.22 

No. 5 Ohio 

1 

19.95 

8.26 

68.70 

Penna. anthracite No. 2 buckwheat 

1 

18.70 

8.60 

64.30 

Coke breeze 

1 

17.37 

9.54 

46.23 
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Table 2. — Dry-cleaning Results at Raton* 


Size or Coax* 

Pbb Cest. Ash 

Raw Coal Glea27 Coal 

Waste 

1 in. 

17 

11 

63 


17 

10.5 

66 

in. 

16 

9.5 

70 

9i in- 

18 

10 

66 


22 

14 

70 

Me in.-60 mesh 

2o 

19 

70 

Total 

16.83 

11.06 

•64.6 


* From paper read by Frank Young before Rooky Mountain Coal Mining 
Institute. 

Difficulties have interfered with the continuous operation of the 
plant at McComas, therefore the average analyses of the products would 
fail to express what is possible to accomplish when the plant is operating 
properly. The figures in Table 3, therefore, were selected from the actual 
results, which will no doubt be improved upon in the future. 

Table 3. — Selected Data on Results at McComas 

Per Cent. Ash 


Size or Coal, Inches 

Raw Coal 

Clean Coal 

2 -l^i 

15.8 

6.5 

iM-l 

18.9 

9.3 

1 -H 

9.0 

6 4 

M-H 

9.0 

6 6 

Ji- H 

8.7 

6 5 

H-Me 

9.1 

7,6 


Conclusion 



Sufficient progress has been made to insure the dry-cleaning process 
an important place among the ^tablished coal-cleaning methods. 
Results at McComas and other installations have indicated that the 
important units involved in the process — ^the tables themselves — ^have 
given a satisfactory demonstration, and it only remains for those who 
are exploiting this method to develop the accessory devices, to acquire 
more detailed information as to the sizing requirements, and to inform 
the public of the possibilities of the method to bring about a vast improve- 
ment in the methods of cleaning nut and slack coal. 

DISCUSSION 

Eat W. Abus (written discussion). — ^The plant of the Wyoming Coal 
Co. at Wyco, W. Va., is a dry-cleaning plant usii^ American pneumatic 
separators. The No. 3 Pocahontas seam at this point contains 
several indies of bone coal, which has a middle band or core of very high 
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ash materia] that grades gradually, and with no distinct line of separation, 
into the usual low-ash and Mgh-quality No. 3 Pocahontas coal. 
The coal in the outer edges of this bone band, in appearance, is almost 
exactly like the best coal, which makes it quite impossible to remove, in 
the mine, an 3 rthing but rock and a small amoimt of the heaviest of 
this bone. 

The coal is brought to the surface, screened at IH the lump 

hand-sorted over picking tables, to remove as much of the bone coal as 
possible. After picking, the lump and slack are, usually, reassembled 
in the form of picked run-of-mine, as it is to that trade that this mine, and 
in fact, a large part of the territory tributary to the Virginian Bail- 
road caters. 

It soon became evident, however, that so much of the ash of the 
resultant coal was caused by the slack, which could not be hand picked, 
that it would be necessary to provide some means of mechanical separation. 

W. P. Tams, president of the Wyoming Coal Co., conducted tests on 
various cleaning devices and decided that the best results could be 
obtained by installing a Bradford breaker, in which the larger lumps of 
hand-picked bone could be shelled from the adhering coal, and a pneumatic 
cleaning plant, which would handle all the ^ack as well as the crushings 
from the Bradford breaker. This cleanii^ plant was expected to remove 
all rock and those poorer grades of bone coal that kept the ash in the slack 
above the desired figure. 

The plant was designed and built by the Roberts & Schaefer Co., 
using a Pennsylvania Crusher Co. Bradford breaker, Link-Belt elevators 
and conveyors, Hum-Mer screens, Universal Re-Screens, American 
pneumatic separators and a B. F. Sturtevant Co. dust-collecting system. 
The plant, of timber construction, is built adjacent to the tipple and 
delivers its cleaned product back to the tipple. 

The first separation is breaking down the big lumps of bone coal in 
the Bradford breaker. The crushing from this go to the cleaning 
plant and the reject directly to a rock bin. The slack from the tipple, 
together with these crushings, go direct to the foot of a bucket elevator, 
capable of handling 175 tons per hour, which raises them to the top of 
the dry-cleaner building, whence they go through the succeeding opera- 
tions by gravity. 

A cross conveyor takes the coal from the elevator and distributes 
it to the top of a tandem series of four Hum-Mer screens, each of which 
drops the undersize to a pocket and delivers its oversize directly to 
the succeeding screen. These screens divide the coal into the proper 
proportions and the proper sizes for the pneumatic separators. The 
undersize from the fir^ of these screens is ddivered to a second set of 
four screens, which separates the fine coal into the sizes to be tabled. 
The finest of these screens is Ke the undersize of which is bypassed 
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without further treatment to the slack coal. All screened products, 
except these fines, are run into five hoppers, of 4 tons capacity each, 
feeding the pneumatic tables. Attached to the bottoms of the bins 
are fine Universal re-screens, which screen the products and remove the 
fine breakage occurring in the bins. These screens not only improve 
the operation of the table but reduce the dust, which otherwise would be 
blown about on the table floor by the air passing through the tables. 

The re-screens feed to the five American separators, which grade 
the coal in a line of discharge varying from the heaviest refuse, at one 
end, to the best coal at the other. This line is divided into finished 
refuse, which is discarded, cleaned coal, and middlings, which are 
returned to the boot of the elevator for retreatment through the plant. 

The finished products are collected on a single two-compartment 
gathering conveyor that, on one strand, takes the cleaned coal to the 
tipple and the middlings to the elevators and, on the other strand, 
delivers the refuse to a bin and the middlings, if desired, to a separate bin. 

To control the dust, care was exercised to keep the fine coal at all 
times under cover so that dust could not escape. With this end in view 
all conveyors, chutes, and elevator were covered. Over the tables, 
where air tends to circulate the dust, are placed dust hoods with suction 
provided to remove all the air from the covered area and a surplus to 
insure that all dust is removed by the hoods. The covered area varies 
from about 5 to about 90 per cent, of the table surface, depending on the 
fineness of the coal and the tendency to produce dust. Suction is also 
placed on all hoppers leading from the screens to avoid boiling up of the 
dust clouds during screening. AU the dust laden air from these various 
sources goes through a fan to a cyclone collector, which removes the dust 
and delivers it to a covered screen conveyor, which returns it to the slack. 

The Wyco plant started operations Feb. 1, 1924, and has been running 
continuously since. It is too early to state what the actual results 
of the operation will be as the organization and training of the operation 
crew and the adjustments always incident to the starting of a new plant 
have occupied the time, so far. From the few days of operation, however, 
it is apparent that refuse and bone are being effectively removed from the 
coal with a minimum of operating expense. 

S. A. Tayloe, Pittsburgh, Pa. — ^Have you any of the figures of the 
McComas plant, showing the effect of the electrical precipitation of 
the dust? 

Eat W. Asms. — ^Mr. Nesbitt of Pittsburgh undertook some experi- 
ments there. He planned to use electrial precipitation, but after he got 
to the plant and examined it, he made all of his experiments on mechan- 
ical precipitation. His mechanical collectors accomplish the purpose 
entirely by baffles. 
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Howabd N. Eavenson, Pittsburgh, Pa. — Some of the members 
question the statement that the clean ran from about 95 to 98 per cent, of 
the coal. 

Ray W. Arms. — ^Those figures are from tests made at Dallas and at 
the Ohio State University. By perfect coal cleaning, we mean the com- 
plete separation of a mass of coal at a definite specific gravity, that is, 
putting into one pile, which we call refuse, all of the material above that 
definite specific gravity, and putting into the dean coal pile all of the 
material below that gravity. 

We do not claim perfect work. There is no device, probably, that can 
produce absolutely 100 per cent, results. We have shown, on tests, 
however, anywhere from 95 to 98 per cent, of perfection with a careful 
screening; that is, the clean-coal product has been 95 per cent, above a 
certain gravity, which we will say is 1.45, and 5 per cent, only was heavier. 
Also on the refuse side, a similar percentage has been lighter than 1.46. 

W. R. Crane,* Birmingham, Ala. — ^Is that without retreatment of 
the middling product? 

Rat W. Arms. — ^No; that is with retreatment of the middling product. 
There is a zone, which we term middlings, that consists not only of true 
middlings (that is, of actual combined particles) but of the accidental 
middlings (dovetailed zone of clean coal and actual refuse). If that is 
returned to the feed, which is a simple process, the perfection of cleaning 
can be approached closely. Without the return of the middlings we 
have no test. The clean coal in that case would probably run around 
85 or 90 per cent. 

F. F. Jorgensen, Gillespie, 111. — Can you give the cost, per ton, of 
this bituminous plant for a ton of raw stuff treated? 

Rat W. Arms. — ^That would be a little unfair, at this time. We had 
a year of development work, during which much equipment has been 
removed and replaced. A large part of that cost has been applied 
to coal production and cleaning by the coal company, largely because 
no appropriation had been made for changes so that the books would 
show tremendously high treatment costs. 

We have worked out the costs by taking off power and labor items 
that could be chargeable directly to coal cleaning. The power costs were 
in the neighborhood of 3 cents per ton. The labor cost has not been 
made, as a unit, but we would charge three men's time only to the actual 
cleaning, that is, exclusive of taking care of refuse, loading coal, and 
deHveiing coal to the cleaner, the actual labor inside the cleaner is three 
men's full time. 

* Superintendezit Experiment Station, Bureau of Mines. 
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F. F. JoRGEXSEX. — ^What rate per day are thej* paid? 

Rat W. Arms. — ^Trro of them are paid S6.50 and the other 810 a day. 

F. F. JoRGEXSEX. — It takes only three men to operate that? 

Rat W. Arms. — Yes, that is actual full time on daily operation. 
Perhaps adding the few laborers who come in occasionally you could 
increase that number to four, to be conservative. 

F. F. JoBGEXSEX. — Does it run 1200 tons a day with these three men? 

Rat W. Arms. — ^Yes; that is all it takes, one on the screen floor, one 
on the table floor, and one in general charge. That is exclusive of labor 
of repair, which is a sort of indeterminate item so far which cannot 
definitely be itemised. Right now the repairs are negligible as there is 
no regular repair crew. There was a repair crew of six or eight men 
before the machinery was changed to the present type, but now repairs 
are made as needed, usually by the operating crew. The Wyco plant is 
now using three men, but it is expected later to use only two. 

F. F. JoBGEXSEX. — ^There are eight tables in the plant? 

Rat W. Arms. — ^There are eight tables and thirty-six units of screens; 
we call a 4-ft. section one unit. That plant was intentionally over- 
screened BO that we would be sure to have plenty of screen surface. 

G. R. Delamatbb, Harrisburg, Pa. — ^AU of the first difficulties of the 
McComas plmit were with the screening of the coal. There is no doubt 
that the tables make a complete separation, producing a satisfactory 
clean coal and a satisfactory refuse; that is, refuse free of coal. Ht 
about ten months’ operation, most of the difficulties on the tables were 
the result of lack of proper preparation of the coal by the screens, and by 
putting thirty-six units of Hum-Mer screens into this plant, the coal 
company wanted to feel sure that it could operate daily without interrup- 
tion. The company intends to build additional dry cleaning plants and 
thought that any surplus screens in the Crane Creek plant could be used 
in the second plant. 

The McComas plant is based on 240 tons an hour and the Wyco plant 
on 150 tons an hour with a circulating toimage of about 15 tons of 
middh'ng, making a total of 165 tons an hour. At Wyco, with that 165- 
ton basis, there are sixteen Hum-Mer units. While that plant had only 
been in operation about a week when I was there, the screen equipment 
seemed to he about right. 

The cost of deaning coal with the dry process will depend largely on 
the preparation of the coal for the tables. Practically every mina that I 
have been in has more or leas wet coal, but we have had no serious 
trouble in handling wet coal at these two plants, down to and innTiKliTig 
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the screen. On the }^6-in. screen, if the coal is so wet that the slack, 
if crushed in the hands, will stick together, it will give trouble; but a lot 
of that difficulty can be avoided by attention to the method of getting 
rid of the water in some of the places, or by mixing the cars of wet slack 
coal with dry coal. 

My opinion would be that the final cost would be about the same as 
for wet-coal cleaning. It may be a little lower, but I do not think that 
either of the plants that have been in continuous operation (Crane Creek 
and Eaton, N. Mex.) were working properly (and that refers to both 
screening and dust collection) long enough to give definite figures. At 
this stage, while we have hopes of lower costs, it is better to figure that 
the cost will be about the same as for wet washing. 

One thing I noticed at both McComas and Wyco was that a table 
getting too light a load would not do as good work as a table that was 
heavily or normally bedded. It would be better in many cases to use 
a larger range of sizes on the table and have it bedded properly than to try 
to work with a close sizing with light bedding. 

The refuse discharge of the tables I have seen is very clean, very free 
from coal, provided they circulate the middlings. In our Hum-Mer 
screen work, this is the first time we have had an opportunity to classify 
coal to so many sizes lin one] operation and attempt to get a high 
efficiency of screening. We have not gone far enough in this work to say 
just what the efficiencies are, but when the coal is reasonably dry, or 
dry enough so that it does not stick together when crushed in the hand, 
we can get high efficiency in screening and entirely satisfactory for the dry 
concentration work. 

F. F. JoRGENSHN. — ^The dry washery plants are located right at the 
coal mine? 

G. E. Delamateb. — ^They are. 

F. F. JoBGBNSEN. — ^Then when the mine would have to ship the cars 
in wet weather, it would seriously affect the screening? 

G. R. Delamateb. — ^It would seriously affect only the Ke-™* size- 
We have a 4-ft. tandem Hum-Mer screen installation making nut coal 
and slack at the Mount Union tipple of the East Broad Top Railroad & 
Coke Co. That coal is mined in the Broad Top district, is hauled about 
35 miles in open-top cars, and sometimes it gets quite wet. - We put in ’ 
two screens, 4 ft. wide and 5 ft. long, bolted end to end, and for a year 
have been handling 180 tons per hour, uaing 1 hp. The cloth on both 
screens is 1)^ in. clear opening square mesh. These tests of the products 
are made on a roimd-hole test screen; 9 per cent, of the nut coal, 
or over-screen product, is undersize, of which 7 per cent, is over a yi-va., 
screen-and only 2 per cent, through the >^-in. The slack coal is diowing 
from 4 to 4J^ per cent, oversize. 
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We use a heavy vibration on the IJ^-in. cloth in the first unit and 
nothing over H passes throng this screen. We have to put 70 
per cent, of the feed coal through our cloth, vhieh so crowds the meshes 
that it does not let the larger sizes get through. Then, by adjustment of 
the vibrator on the second unit, we use a light vibration on the second 
screen, and as considerable tonnage has been eliminated through the 
cloth of the first unit, the second screen has a lighter tonnage to handle, 
which permits bedding the coal on this screen for better elimination of 
the larger sizes. At times the coal is very wet, but we have experienced 
no difficulty in handling that wet coal with high screening efficiency. 
From what I have seen at McComas and Wyco, I believe that we can 
handle sizes down to and including the even with coal that is 

rather sticky, but I do not think, with sticky coal, we can handle the e-in. 

Ba.t W. Arms. — ^At !McComas, we have run for nearly a year and 
occasionally about a hundred cars of the coal stand in the mine yard 
overnight. Several times it has rained qmte hard, but usually the rain 
did not penetrate the coal in the car more than 12 or 18 in., which got 
sufficiently mixed so that it caused little difficulty. 

The coal that gives the most trouble is that which is soaking wet when 
it comes from the mine; that is, mined from a wet place, or, as at Wyco, 
had stood in 3H ft. of water and was drawn through that water when 
going to the tipple. 

The actual figures on the moisture in the operation I am not prepared 
to give, but we ran one test on Canadian coal at Dallas, during which a 
condition was that the coal should be wet to 12 per cent, moisture before 
testing. The normal inherent moisture of that seam Tinderground is 
from 2}i to 3 per cent., so that we were required to add 8 to 10 per cent, 
of actual wetness. They conceded that dry tables could clean their 
coal when it was dry but they wanted to see what could be done when 
it was wet. We were able to screen to with good screen efficiency. 
Those particles had cli n ging to them fine pieces of coal, which 

represented, on a ‘dry-screenii^ test, roughly 8 per cent. At ^-in., 
about 20 per cent, of fine particles were clinging to the larger pieces. 
At undersize was 60 per cent, or over. Now, at that 

is, from to He hi. in size, the tables had difficulty in elenning 
Eefuse was removed, to be sure, but that refuse did not represent the 
CTttire amount of refuse in the sample. At H- to H-hi., as determined 
by dhemioal analysis, the refuse line did represent the entire amount of 
refuse in the coal; that is, it was practically all removed, and of course the 
sizes from there up were thoroughly as representative as on dry coal. 

So wet coal is purely a screening problem and not a tabling problem. 
With good screening, even thougjh that scremiing is done on a wet screen, 
we can get just as good table results as on dry coal. The only thing 
needed is to give it a little more air on the table to break up the bond 
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created by the moisture. That is accomplished by a mere adjustment 
of the table. 

G. R. Delamater. — I do not want to give the impression that at the 
McComas and Wyco plants the tables failed to make separation because 
of moisture. The statement that even though the screening on the 
was inefficient when the coal was wet and sticky, aU the work on 
the coarser sizes was just as good as it had been on the dry coal, is correct. 

The screening troubles were not in the coarser sizes; and even when 
this wet coal, of the by Hs-in* size went on the tables and the particles 
stuck together, resulting in poor elimination of the minus Jle-in. coal, 
we could make a good separation; such separation, though, will not be as 
perfect on those fine sizes as it would be on dry coal. 

At the Steelton plant of the Bethlehem Steel Co., we installed some 
Hum-Mer screens using Ke ui. clear opening cloth, with the intention of 
screening out all minus coal. That plant gave efficient screening 

for about 33^ to 4 years even on coal of high moisture content, all the coal 
being hauled from the central Pennsylvania district. 

A year last summer we equipped the coal washery of the Woodward 
Iron Co. at Woodward, Ala., with Hum-Mer screens. In a letter 

written about a month ago, Mr. Bosmton, the general manager, stated 
that the screening had been very satisfactory; the efficiency had been 
in excess of 90 per cent, at all times. This coal is hauled for some 
distance to the washery in open-top cars. The company has been using 
60 or 70 railroad cars a day for storing wet washed coal, so that the coal 
could drain before it went to the coke ovens; the installation of the Ke-™* 
screening plant eliminated the use of those cars, greatly reduced the mois- 
ture content of the coal, increased the capacity of the coke ovens, and 
reduced gas consumption. 

F. F. Jorgensen. — ^What is the average reduction in ash content of 
the coal at the two plants you speak of? 

Rat W. Arbis. — ^At McComas, the average reduction at present 
is 4 per cent., from 12 to 8 per cent, in the slack. On the individual 
sizes, nut coal for instance, the average reduction is about 10 per cent. 
Nut coal is dirty, coming to the cleaner at 16, 18 and sometimes 20 per 
cent, ash and being reduced to 6 or 7 per cent. The figures selected here 
are about 16 per cent. That particular sample runs 6.5 per cent, on the 
dean coal, or 9.3 per cent, reduction, whereas in the finer sizes of 
the slack there is not so much dirt to start with on the Pochahontas coal 
and the average reduction is about 4 per cent., induding the material 
that is not treated at all. 

F. F. Jorgensen. — ^What passes through the Ke-ui* screen is 
not treated? 
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Rat W. Arms. — ^X o, merely screened out. 

F. F. JoBGEXsox. — ^All coal above He is treated? 

Rat "W*. Arms. — Yes: from He to 2 in. The He-io. material runs 
practically alwas's less than 10 per cent., usuallj* about 9 and a fraction. 
When mixed back with the other clean material, it produces an average 
of less than 8 per cent. 

F. F. Jorgexsex. — ^ViTiat percentage of the total of raw coal is this 
He-in. product? 

Rat W. Arms. — At AlcComas, it is verj’ high; over 25 per cent, of 
the slack is smaller than He io. 
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CoEil Mining by the V System 

By Glenn B. Southward,* E. M., Eleonb, W. Va. 

(New 7ork Meeting, February, 1924) 

The V system of mining used at the Norton mine of West Virginia 
Coal & Coke Co. was designed as a modified long wall with face conveyors, 
for use under roof conditions that would not permit regular long-wall 



Fia. 1. — Grneeal desion and arrangement of faces in V ststbm. 


methods. This mine is in the Lower Elttanning seam, whidi averages 
about 6 ft. in height. There is from 20 to 30 ft. of slate and shaleimmedi- 
ately over the coal and above this is a bed of sandstone 40 ft. or more 
thick; the total cover will vary from 60 to 260 ft. In the room-and-pillar 
workings, the top in the rooms and headings is generally good but it is 


* Chief Engineer, West Coal & Coke Co! 
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comparatively easy to break ■when the pillars are being drawn. This 
was not thought suitable for regular long-wall mining, which led to the 
design of the V system. It was also thought that while long-wall 
methods could be studied and taken as a guide, the procedure in the V 
sj'stem would have to be determined by experiment. 

The design primarily consists of a pair of comparatively short faces 
arranged at an angle to each other so as to form a V, both of these faces 
being turned from a single entry the line of direction of which bisects the 
angle of the V. Two or more of these pairs are connected in parallel and 
form a double or multiple V arrangement, as shown in Fig. 1. In mining, 
machine cuts are taken along the faces so that the central an^e renoains 
constant and the points stay in line; and as mini ng progresses, the faces 
retreat and assume the successive positions shown by the dotted lines. 
The fundamental idea of this design is to give ma ximum protection to 
the working faces by supporting the roof across the angle between the 
faces and lea^^ng it free to cave or subside in the mined area beyond the 
points. If the roof over the angle is considered as a beam supported 
at each end by the solid coal in the points, the length of span possible 
will depend on the character of the roof. The depth of cover will deter- 
mine the amount of coal necessary to support the ends of such a beam 
and this will fix the degree of the central angle. It is hardly probable 
that the dimensions best suited to any particular roof condition can be 
determined except by experiment. . 

Expebimental Period 

The design was perfected in the summer of 1921, by the writer, and a 
trial face was started in December of that year; this was intended mainly 
as a test on the mechanical equipment and preliminary experiment on 
roof action. During these experiments, development was started for the 

V i^ystem but, because of the six months’ interruption by a strike, mining 
on the V faces was not begun until late in 1922. The trials on the 
y system continued through an experimental period of several months 
and by March, 1923, it was considered that an operating system had 
been devised. Since that time, there have been no changes in the 
general method, except in operating details to increase efficiency and 
reduce cost. 

It is not necessary to describe, in detail, the different methods and 
trials made during the experimental period; though it may be pertinent 
to say that straight faces were tried and failed. The first trials on the 

V system were with faces 100 ft. long and a central an^e of 90“; this 
makes a span of 140 ft. from point to point. With these dimensions, 
the beam effect was not obtained; the span was too great and the roof 
action was practically the same as when strai^t faces we reused. It 
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was some time before this fact was fully accepted because there was 
always the possibility that the failures on the 90® angle were caused by 
ineffective timbering or improper methods. Several procedures were 
used and each one thoroughly tried; these involved different sizes and 
spacing of posts, cribs, and paokwalls, also different timing of roof falls. 
Falls were tried over large areas and small areas, but the results were 
practically the same in every case — the top fell inside the points and 
along the faces. When it was decided that the failures were the result 
of too wide a span, the angle was changed to 45® with 85-ft. faces, making 
a span of 80 ft. across the points; the results proved that these were 



apparently the proper dimensions. One pair of faces was first tried 
and worked successfully; the number of faces was then increased to 
two pair, then to three, and finally to four pair, as shown in Fig. 3, which 
is the number now being used. 

Pbbsbnt Mineng Ststbm 

The present operating system consists of a pand of eight faces 
each 85 ft. long, as shown in Fig. 2. Each pair of faces is tributary 
to a sin^e cross entry and the cross entries are driven at 80-ft. centers 
off a lateral entry. These laterals are spaced 200 ft. apart and are the 
headings from which the cross entries axe developed and throu^ which 
the coal from the faces is transported to the haulageway. Minin g is 
done by slab cuts on the faces and as all faces are worked at the same 
time, the direction of retreat is at right an^es to and toward the lateral 
entry. The advance cross entries are driven at the same speed as the 
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faces retreat, so that by the time the angle, or intersection, of the faces 
has retreated to the lateral entry, the cross entries have been driven 
through to the next lateral and the coal is taken out to the haulageway 



Flo. 4 .— Face convbtob beino moved fobwabd in a complete unit, with post 

PULLEBS. 


through it. Only a limited amount of advance work is required. Actu- 
ally, this is an advancing system, as far as development is concerned, 
but the faces are always strictly retreating. It is, of course, possible 
to make the entire system retreating by first driving the haulageway to 
its barrier limit. 
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Conveyor System 

All transportation from the face to the haulageway is by a system 
of conveyors, known as the Mover/’ This is a steel-pan belt type, 
made in standard interchangeable sections, each 6 ft. long, so that an 
assembly may be made of any desired length. Power is applied through 
drive sections, which are self-contained electric-motor drives; these are 
interchangeable with the straight sections and can be located at any 
point, or at two or more points, in the conveyor. The same standard 
parts are used on the face, cross, and lateral conveyors in the V system; 
the different carrying capacities required of these units are obtained by 
regulating the speed through a system of gears in the drive section. The 



Fig. 6 — Cross-entry conveyor, showing discharge end of pace conveyors 

IN background. 

frames and pan belt are connected by key bolts and cotter pins, so that a 
very short time is required for removing or adding sections. Because 
of the multiple-drive feature, all parts are made comparatively light 
and are easily portable; in fact, the 75-ft. face conveyors are moved in a 
complete unit with post pullers, see Fig. 4. 

The installation is shown in Fig. 2. Along each face, there is a 
face conveyor into which coal is loaded by hand and each two adjacent 
face conveyors discharge on to a conveyor laid in the cross entry; see Fig. 6. 
The four cross-entry conveyors discharge to one lateral conveyor in the 
lateral entry, which, in turn, loads into mine cars on the haulageway. 
In this manner, all the coal from the eight faces is collected and loaded 
into mine cars at one discharge point. Mine cars are handled in 25- 
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car trips direct from the tipple to the loading point by an electric loco- 
motive. The ears are moved in a solid trip under the conveyor discharge 
by a rope hoist, controlled at the discharge point, and are not uncoupled 
during the loading; neither is the conveyor stopped between cars, see 
Fig. 6. One operator controls the trip movement during loading and 
operates a small hinged chute, which prevents spillage between cars. 

The haulageway and the lateral entries are developed with mine 
cars and the cross entries axe advanced with conveyors. After each cut 
is loaded, the face conve 5 'ors are moved forward and the cross entry is 
correspondingly shortened. Sections of the cross conveyor that are 



Fid* 6 . — DiSOHAHGS) BND OV LATBBAIi CONVBTOB loading TBIP of MINB GABS. 

removed are used to extend the conveyors in the advancing cross entries. 
When the face entries have retreated so that the angle of the faces has 
reached the lateral entry, the lateral conveyor is removed to the next 
position ahead. As it is customary to move this conveyor in about 
12 hr., there is no interruption in the regular daily operation of the faces 
at that time. 

Roof Action 

The territory that has been mined out since March, 1923, is shown in 
Fig. 3; it comprises an area 2000 ft. long and varying from 200 to 
300 ft. in width as the number of faces were increased. During this 
minin g, falls have occurred across the entire area on an average of one 
every 60 ft. Timbers are set behind the face conveyors, after each cut, 
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and are always maintained in the area between the faces to support the 
slate immediately over the coal; but at more or less regular intervals, 
they are removed from the area beyond the points and the top per- 
mitted to fall. The falls do not generally come inside the points to 
any extent, except where the top is weak. At such times, the face 
conveyors are shortened to a point of safety and mining is not interrupted; 
the output is decreased for only one or two days, as the faces are length- 
ened on each succeeding cut after the fall and soon regain their full length. 

This panel is worked parallel and close to the outcrop and the outside 
faces are, therefore, imder very light cover. Where this condition exists, 
the top is considerably weakened — ^probably by weathering — and would 
not span the entire distance across the angle. Consequently, the length 
of span was decreased on the two outside pairs by shortening the faces, 
which left a narrow pillar unmined. With this exception, the recovery 
has been high and the amount of coal left in this narrow pillar between the 
two outside faces was less than would have been lost in room-and-pillar 
mining under the same conditions. 

Opebation 

The schedule of operation is arranged to give a complete cycle 
every 24 hr., using two regular 8-hr. shifts. The day shift loads the 
coal from the faces. This is done by hand; the loaders shovel the 
coal, which has been previotisly shot down, on to the face conveyors, 
which take it without fxirther attention to the mine cars. The night 
shift does the cutting, drilling, shooting, timbering, moves the face con- 
veyors, shortens the cross conveyors, and, when necessary, removes 
timbers to bring a fall. So far, there has been no great dfficulty in 
maintaining this schedule and little time has been lost by reason of the 
failure of either shift to complete its work. 

The amount of coal produced from the eight faces will average 
about 750 tons per day, not including development. All labor rates 
paid in the V system are on a time basis; the average number of men 
regularly employed, from the faces to the tipple, are as follows: 

Day shift: 32 loaders 

1 hoist operator 

1 electridan 

3 mechajucs 

2 motorznan and brakeman 
Night shift: 4 xnachine runners and helpers 

2diillerB 

1 shot fixer 
12 timbermen 

2 mechanics 


Total: 60 men 
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This list does not include the day and night foremen but does include 
a ‘'straw boss'' on each pair of faces, who works as a loader but is an 
experienced miner and directs the face work. Each loader will average 
about 25 tons of coal per shift loaded on to conveyors. This, however, 
is in addition to handling a heavy slate parting 8 to 12 in. thick occurring 
2 ft. above the bottom of the seam. This must be broken up and shoveled 
or thrown across the conveyor and gobbed between the timbers. The 
work required for this takes from 25 to 50 per cent, of the loader's time 
and, of course, reduces by this percentage the tonnage that each man 
would load if the seam were clean. 

All-conveyob Mine 

The plan described is a combination of conveyors and mine cars, 
but it is doubtful if this is the most eflScient or the most desirable arrange- 
ment. A plan is now under consideration, and experimental work on it 
is being started, to extend the conveyor system all the way to the tipple, 
thus eliminating aU mine-car haulage- Because of the increased output 
per employee and the consequent reduction in number of houses required, 
also by the elimination of all track, haulage and gathering locomotives, 
and reducing the number of mining machines and pumps, it has been 
estimated that the cost of installing an all-conveyor mine should be from 
25 to 40 per cent, less than that required for a room-and-pillar mine of 
the same output. This, however, is mainly theoretical at this time. 

Summary 

In comparing the V system of mining with other methods in general 
use, the question of cost is of primary importance. Without submitting 
any figures, it can be stated that the output per man employed is much 
hi^er than that ordinarily obtained in room-and-pillar methods and the 
cost of producing coal is correspondingly lower. The reasons for this 
are apparent. In the first place there is a high degree of concentration. 
This, of course, is true of most long-wall work but, because of the angle 
of the V faces, 600 ft. of working face is obtained in an area 300 ft. wide. 
This concentration simplifies supervision, drainage, and ventilation 
and reduces the cost of these items to a very low figure. As the main-line 
locomotive handles the trips from the conveyors to the tipple, this 
eliminates gathering altogether with a consequent reduction in the 
operating and maintenance cost of haulage. With 600 ft. of working 
face, there are eight separate operating units and an interruption on 
any one of these faces does not affect the operation of the others; whereas 
in a long single face a fall or other interruption may stop the entire 
output irntil the trouble is removed. In case a fall should occur within 
any angle so as to close a face completely, it would not be necessary to 
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re-open this as the coal in the point could be recovered by lengthening 
the adjoining face on the next cross entry. In other words, referring 
to Fig. 2, if a fall closed No. 3 face, No. 2 face could be extended to mine 
the point between No. 1 and No. 2 cross entries until the fall was passed. 

It is claimed for this system that, where conditions are suitable, a 
high efficiency in operating and a maximum recovery of coal are possible. 
However, before any plan of mining is worth serious consideration it 
must be shown that the methods are safer and that the working conditions 
are improved. It is believed that this has been accomplished. Working 
in groups tends to promote a feeling of security and satisfaction among 
the men, adequate ventilation, proper drainage, and electric lights are 
all easily provided, the working faces are under close and competent 
supervision and inspection at all times, the explosives are handled by 
experienced men only, and there are no trolley wires or car haulage at or 
near the workiag faces. These conditions are believed to be mainly 
responsible for the very low accident record obtained so far and the 
apparent contentment of labor that has been evidenced in the ‘‘ system 
during its operation. 


DISCUSSION 

Membeb. — ^How do you pay your men for loading? 

Glenn B. Southwabd. — ^Everything is on time basis. 

Member. — ^How many men do you have loading across one of the 
diagonal faces? 

Glenn B. Southward. — ^From four to five, depending on the length 
of the face. Our loaders are so arranged that each will give about twenty- 
five tons per loader a day. 

Member. — ^How much timber do you use? 

Glenn B. Southward. — little more than will be used in room-and- 
pillar work, but not a great deal more. We have not attempted to 
recover much of our timber. 

Member. — Is the mine union or non-union? 

Glenn B. Southward. — ^Non-union. 

Howard N. Eavenson, Pittsburgh, Pa. — I went through that mine 
some weeks ago, and think that the author has been very conservative 
in his statements about the amount of loadings, etc. 

Edward B. Baigubl, Huntington, W. Va. (written discussion). — 
The paper indicates that 60 men, employed in day and night shifts, inside 
the mine, produce 750 tons per day. Let us reduce these figures to a 
man-hour basis, for comparison with Mr. Eavenson's figures on West 
Virginia mines, as follows: 
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Mak-Hottbs 

Mbn Houbs Pbb Ton 


Loading 

32 

8 

= 

256 

or 

0.340 

Hoist operator 

1 

8 


8 

or 

0.011 

Cutting 

4 

8 

■* 

32 

or 

0.043 

Drilling and shooting 

3 

8 


24 

or 

0.032 

Timbering 

12 

8 


96 

or 

0.128 

Mechanical 

6 

8 


48 

or 

0.064 

Haulage 

2 

8 


16 

or 

0.021 

Total inside 

60 



480 

or 

0.639 

Outside 

8 

8 


64 

or 

0.085 


Total inside and outside 0 . 724 

Mr. Eavenson^s figures are all on room-and-pillar mines and, therefore, 
show only the four standard subdivisions of labor. 

The best single mine performance in West Virginia found in Mr. 
Eavenson’s paper is as follows: 

Man-Houbs 
Pbb Ton 


Loading 0.39 

Cutting 0.04 

Inside day labor 0.30 

Outside day labor 0.12 

Total 0.85 


These figures are on a non-union mine, where loaders drill and shoot, 
timber and clean coal, but do not extend track. 

The foregoing figures show a difference in favor of Norton mine of 
0.126 man-hours per ton, in spite of the fact that loaders in Norton mine 
spend over 30 per cent, of their time handling slate parting instead of 
coal. For purposes of comparison, let us assume that the Norton mine 
has 6 ft, of clean coal. The loader wiU, of course, load out the extra 
tonnage of coal in at least the same time that he loads out the present 
slate parting. The total daily tonnage will now be 1000 tons and the 
tabulation will show as follows: 


MaK-HoT7BS 
Houbs Pbb Ton 


Loading 266 or 0.266 

Hoist operator 8 or 0.008 

Catting 32 or 0.032 

Drilling and shooting 24 or 0.024 

Timbering 90 or 0.096 

Mechanical 48 or 0.048 

Haulage 16 ©r 0.016 


Total inside •. 480 or 0.480 

Outside 64 0.064 

Total inside and outside. 0.644 
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Now, for comparison with these figures, let us tabulate the best 
performance under each subheading as found in Mr. Eavenson’s paper. 
This tabulation is as follows: 


Man-Hoitrs 
PSBB Ton 

Loading 0 39 

Cutting 0 02 

Inside labor 0.30 

Outside labor 0.08 

Total 0.79 


There is only a difference of 0.06 man-hour per ton between the best 
performance of a single mine and the total of the best performance in the 
four subheadings. In other words, if all these best performances were 
found in a single mine, the Norton mine would still show a difference of 
0.246 man-hour per ton in its favor. I believe this to be a fair compari- 
son, as all of Mr. Eavenson’s figures are on mines with clean coal.* I am 
also convinced that the figure for loading in 6 ft. of clean coal can be 
brought down to about 0.200 man-hour, which will be almost one-half 
the best performance recorded in room-and-pillar mines. 

The probable roof action under heavy cover seems to be a point 
that frequently arises during a discussion of the V system of mining. 
This question is already answered by the present room-and-pillar system 
of mining. In practically all systems of robbing, except long-waU mining 
and modifications of same, the break line is run approximately in a direc- 
tion of 45® from the entry. This leaves a series of steps across the panel 
which, when looked at from a point at right angles to the break line, 
resolve themselves into a series of V’s with a 90® angle instead of a 45® 
angle. Now, if these faces stand with a 90® angle between the legs of the V, 
it is surely reasonable to suppose that a little longer face with only 45® 
angle will support the top. In fact, in the Pocahontas region in West 
Virginia, where rooms are driven on 80-ft. centers 20 ft. wide, the unsup- 
ported distance is 115 ft. as against 80 ft. in the V system, and still the 
robbing system is the same as in other room-and-piUar mines, although 
the cover varies from 300 to 900 feet. 

Member. — ^How does the roof stand in case of a shutdown? 

Glenn B. Southward. — ^We were shut down ten days over July 4, 
but as far as we could determine, there was no change in the roof during 
that time. There had been a fall, however, on July 2, the day before 
we shut down. We have found that the only time where a shutdown 
would probably be dangerous is just before a fall is to occur; in that 
case, unless the timbers were weakened so as to cause a fall, the 
weight would probably ” spread and cause a subsequent fall over a 
larger area than desired. 


*See page 823. 
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Membeb. — The mine runs three shifts? 

Glenn B. Socthwabd. — ^TVo shifts; that is one loading shift in the 
day and a night shift which does the cutting, timbering, drilling, shooting, 
and so on. 

Thomas db Vennt, Edgarton, W. Va. — Mr. Raiguel compared the 
V system with the approximate face in the robbing and room-and-pillar 
system; in your system it is necessary to press your falls back from where 
they would be in the ordinarj’ room-and-pillar sj’^stem. 

Glenn B. Sottthwabd. — We try to break it right back behind the 
points. If the roof is strong or normal, we generally have the break 
pretty close to the points. 

Thomas db Vennt. — The comparison was not exactly the same, as I 
saw it. In the room-and-pillar system, it is not necessary to make any 
attempt to break the roof back of the edge of the pillar, the pillar itself 
breaks it. 

Glenn B. Soxtibwabd. — In the V system, the slate immediately over 
the coal is supported on timbers in the angle or V while the overlying 
sandstone bridges, or spans, across this space and is supported by the 
coal along the faces and in the points. Because of this bridging effect, 
we do not have the severe weight due to the overlying measures back in 
the angle where the sandstone is strong enough to span this distance. 
Out beyond the points, the mined area is large enough for the sandstone to 
mther break or subside and this in turn relieves the weight and prevents 
a squeeze, or creep. Without discussing any roof theory, we feel sure that 
this is what happens because we do not have severe weight back in the 
an^e; and from observations on the surface we know that the sandstone 
out beyond the points either breaks or subsides. 

Mr. Hmguel’s point was that if it is possible to get complete breaks 
in a room-and-pillar system, where generally 60 per cent, of the coal 
is removed and the remaining pillars are strong enough to break the top, 
better roof results could be expected in the V system where there is a 
much higher percentage of coal unmined at the time the falls occur. 

J. J. Rutledge,* Baltimore, Md. (written discussion). — ^It seems 
strange that mining men will continue to use the old methods when 
newer and more improved methods will give not only greater recovery 
but a material reduction in the cost of brushing and of yardage. This 
fact is shown in Fig. 3 as the amount of narrow work necessary in the 
left-hand portion of the cut is much leas than that in the right-hand. 

Some miners say that they would whlin^y mine exhaustively, using 
improved methods, if they could be assured of •freedom from claims for 


* Chief Mine En g i n e er, Maryland Bureau of Mines. 
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damages due to subsidence of the surface. Wbile this is a great obstacle 
to introducing improved mining methods in those parts of the country 
where the surface is of great value, the objection does not prevail in many 
other coal fields, where the surface is much less valuable. For example, 
in some portions of Oklahoma, the surface land was sold at an average 
price of $12 per acre while the prevailing royalty returns under present 
methods of mining, yield about $300 per acre. It is much better business 
to sacrifice the $12 value of the surface than to waste 50 per cent, of the 
valuable coal. 

The summary shows that the output per man employed is much 
higher than that realized imder ordinary room-and-pillar methods and 
that the cost of producing coal is correspondingly lower; this has been my 
experience in trying out panel long wall. The author also shows that a 
considerable output is obtained from a very small area and that mining 
costs are reduced proportionately. His concluding paragraph cites 
experiences that have a parallel in other fields where panel long-wall 
mining has been tried. 

Under these new methods of mining where men work together, 
and are not working singly, as they are in many room-and-pillar mines, 
there is a much better feeling of security and the esprit de corps is much 
better than in the other mines. In the old advancing long-wall methods 
employed in northern Illinois, the miners met each other at the end of 
their “marches” and there was always a certain amount of companion- 
ship extending clear around the long-wall face. It is time mining men 
began to consider the psychology of mining as well as the engineering 
and economic features of it. Mr. Southward and Mr. Drennan are to be 
congratulated on the results achieved; certainly the carrying out of such 
a plan required the exercise of considerable courage. 

Gbaham Bright, Pittsburgh, Pa. (written discussion). — ^I have had 
the privilege of witnessing the operation of the Movor conveyor as applied 
to the Y S 3 rstem of mining, and am much impressed with its possibilities 
not only as applied to the V system, but to the regular room-and-piUar 
system, as well. The heavy parting at the Norton mine of the West 
Virginia Coal & Coke Co., which must be handled separately, makes 
the application of a mechanical loader rather difficult.* Where there is 
no parting, a loader may show considerable additional saving. 

One of the principal drawbacks to the mechanical loader is that it can 
be kept working only a comparatively small part of the time, because 
of thp difficulty of keeping it supplied with empty cars. With a conveyor 
system, there is no reason why the loader could not work continu- 
ously until the place is cleaned up. 

The speed of 50 ft. per min. for the conveyor on the working face is 
very moderate, and even the cross-entry conveyors, which operate at 
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about 100 ft. per min., have a very moderate speed. The main lateral 
conveyor, however, would have to operate at 400 ft. per min., if all cross 
conveyors were loaded, which might be the case early in the shift. 

I believe that the author expects to get around this difficulty by 
making the lateral conveyor wider. I would suggest substituting a belt 
conveyor for the pan type in the lateral entry. The belt conveyor can 
be run faster than a pan conveyor, requires considerably less power, and 
the first cost may be less. This main conveyor is generally fixed in 
length so that there would be no particular objection in making it a belt 
type. The belt conveyor, could, however, be designed in sections, 
so that it could be readily lengthened or shortened. I believe that a 
belt conveyor would require less than one-half the power taken by a 
pan conveyor. 

In a long conveyor mine, where the main conveyor to the tipple may 
be 2000 or 3000 ft. loi^, and of fairly high capacity, it would seem that 
the belt conveyor might have some decided advantages over the pan 
type. The pan type woTild require a drive unit approximately every 50 
ft. The belt-type conveyor can have the drive units very widely sepa- 
rated; belt conveyors have been installed with the drive units ^00 ft. 
apart. As the firat cost of these drive units is rather high, this should 
represent a considerable saving in a long conveyor, both from the first 
cost standpoint and the standpoint of power consumption. 
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Timber Used in Bituminous-coal Mining 

Bt NeTTBLIi G. PiTTSBUBaH, Pa. 

(New Tork Meeting, Februaiy, 1B21) 

Fobecasts of future timber consumption in soft-coal mining are 
handicapped by the lack of adequate experience records for estimating 
properly the timber requirements of the industry. 

Data were obtained from plants where records are kept or from 
operators who collected the information and to these were added 



Fig. 1, — Qbowth of populatioii in United States, vbou Pbabii’s “Biology op 

Death.” 

composite figures for the continental United States in 1905 and 1919^ and 
for central and western Pennsylvania and for Illinois in 1922.* The 
result, representing slightly ova: 928,000,000 net tons, is shown in Table 
1. Some of the companies furnishing data were unable to segregate the 
timber into classes of use but for those who did. Table 2 shows the board 
feet of posts and cross bars used per ton of coal mined and the percentage 
of the total timber consumed that was used in roof support. The wide 
variation in amounts of timber per ton of coal mined is the result of 


> Forest Service CSiculax 49, U. S. Dept, of Agriculture (Timber used). 

* Beports of Investigations, Bureau of Mines, Serial Nos. 2465 and 2546 (April 
and November, 1923). 
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' Zn Las Animas, Huerfano and Fremont Counties. 

None of the fisoras given for total states or the United States dnplioate those of individual oompanies. 
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differing mining conditions and variance in the quality and strength 
of the timber. 

Fig. 1 shows the past and estimated future population of the 
continental United States to the probable saturation point in 2100 A.D. 
Fig. 3 gives the past and estimated future total fuel consumption, 
including oil and gas, taken from Fig. 2, and while the latter curve largely 
explains why the production of bituminous coal has not been increasing 
in the past five years it also shows that the period of peak oil production 
is passing and that, after 1925, a progressive recession is expected. The 
total coal and the bituminous-coal curves for expected production, Fig. 8, 
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Fig. 2. — Past and estimated putube oil and gas peoduction op United States 
AND total EQmTALENT IN COAL. 


take into account the future recessions in the railroad and industrial use 
of oil as the supply is curtailed and the consequent increase in demand for 
coal as oil prices advance. 

Oil production processes are developed that can triple the extraction 
of gasoline from fuel oil at relatively small increased cost to refiners, 
only the added cost preventing their present use; the supply of 
available fuel oil will diminish with the certain enormous increase in the 
use of gasoline by automobiles. While the shallower fields near exhaus- 
tion, the cost of sinking and operating deeper wells will increase and 
sooner or later the United States Navy will discount its future need for 
conservation of fuel oil and secure legislation restricting its use to govern- 
ment purposes. With these factors affecting oil production and con- 
sumption, it is believed the demand for coal and its consequent increased 
production, due to the diminish ed supply and higher price of oil, 
will rise at least as rapidly as it dedined. 
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Fig. 3. — Past and pxjturb total ptjbl, total op anthbacitb and bititminous 

COAL, BITUMINOUS COAL PRODUCTION, WITH PAST AND PUTURB BITUMINOUS COAL 
PRODUCTION PER CAPITA IN THE UNITED StATBS; ACCORDING TO DATA OBTAINED 

FROM THE U, S. Geological Survey, American Institute op Mining and Mbtal- 
LURGiCAL Engineers, American Petroleum Institute. 



Fia 4. 
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Increased efficiency in making electric power and its wider and more 
efficient application will restrain to an extent tlie production of coal per 
capita, as shown in Fig. 3, with the expected stabilizing of this unit taking 
effect in a decade or so after 1950. 

Fig. 4 gives the expected trend of bituminous-coal production from 
1923 to 1940, as based on data developed in Fig. 3 and, using the unit of 
3.71 board feet of timber per ton of bituminous coal mined, shows the 
consequent growth in the use of timber for the same period in soft-coal 

Table 2. — Timber Used for Posts and Cross Bat's 


state 

1 Diatrict 

1 

' Seam 

1 

1 Board Feet 
per Net 
Ton Coal 

1 Per Cent. 

1 Total limber 

1 Used 

West Virginia 

Tug River 

i 

, Pocahontas 

2 44 

75.6 

West Virginia 

Thacker 

; Winifrede 

3 38 

20.6 

West Virginia 

1 Paint Creek 

1 Eagle 

4.09 

78.8 

Maryland 

‘ Frostburg 

' Georges Creek 

2 68 

68 6 

Pennsylvania 

Somerset Co. 

! Upper & Lower 

I Kittanning 

6.06 

82.3 

Kentucky 

Big Sandy 

lElkhom 

4 56 

71.1 

Kentucky 

Big Sandy 

! Millers Creek 

6 60 

65.4 

Kentucky 

Western 

1 No. 9 

0 71 

41.3 

New Mexico 

Raton 

Three Seams ; 

6 35 

90 6 


mining, but it is expected that the true average timber consumption per 
ton of coal will be slightly higher rather than under this weighted average. 
The values determined by the expected timber consumption curve in 
Fig. 4 are tabulated in .Table 3. 


Table 3. — Estimated 1923 and Future Timber Consumption 
in Bituminous^coal Mining 


1923 

Board Fsust 

... 2,021,950,000 

1929.... 

Board Fbrt 

... 2,416,000,000 

1936.... 

Board Fudt 

... 2,766,530,000 

1924 

... 2,062,760,000 

1930.... 

... 2,485,700,000 

1936.... 

... 2,814,000,000 

1925 

... 2,114,700,000 

1931,... 

... 2,647,000,000 

1937.... 

... 2,860,000,000 

1926 

... 2,175,000,000 

1932,... 

... 2,609,000,000 

1938.... 

... 2,910,000,000 

1927 

... 2,226,000,000 

1933.... 

... 2,662,500,000 

1939.,.. 

... 2,956,000,000 

1928 . . . . 

... 2,330,000,000 

1934.... 

... 2,708,000,000 

1940. . . . 

... 3,005,100,000 


The data from which the shown results are obtained are from 
thoroughly reliable sources and, so far as is known, are the most complete 
yet compiled. 
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Valuation of Coal Mining Properties in the United States 

Rbpoet op the Exgixbbbs’ Adtisobt Valeatiox Committee op the 
U xiTED States Coal Commissiox* 

(New York Meetins, February, 1924) 

The Committee, appointed early in ilay, met and organized in 
Washington, May 9, 1923, and were then ad\dsed that such data as they 
required would as far as obtainable be submitted to them in tabulations, 
and that they could not be allowed to see the individual reports nor know 
the identity of the operators on whose reports the figures submitted were 
based, therefore the Committee's valuation is based on data received from 
your statisticians, and on tonnages estimated by your staff and by the 
United States Geological Sur\"ey. 

Various methods of valuation for mining properties have been 
suggested, but all authorities seem to agree in accepting, as the fairest 
and most practicable and logical, a capitalization of the estimated future 
earnings, when such estimate can reasonably be made. Hoover and 
Finlay both emphasize this. 

The United States Supreme Court says in Cleveland, Cincinnati, 
Chicago & St. Louis Railway Co., v. Backus, 164 U. S. 439 : 

But the value of the property results from the use to which it is put and varies 
with the profitableness of that use, present and prospective, actual and anticipated. 
There is no pecuniary value outside of that which results from such use. The amount 
and profitable character of such use determines the value. 

The Committee on Federal Taxation of the American Institute of 
Mining and Metallurgical Engineers, appointed in 1919, in its report 
states: 

A proper value of a mining property is the present value of the prospective net 
earnings, taking into accoimt probable variations in output and value. 

Ingalls (“Wealth and Income of the American People,^’ p. 97) say^; 

The fundamental principle of mine valuation is the present worth of an ftTnrnnl 
dividend accruing during the period of years corresponding with the life of the mine. 
It is a convention that the estimated period shall not be more than 30 years. 

* This report was submitted to the United States Coal Commission, and the 
Committee was advised that it would be submitted to Congress but would not be 
made pubKo with the reports of the Commission. The Commission, however, gave 
its permission for publication by the Committee. 
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Other methods of valuation are: Cost values; Assessed valuation; 
Sale values; Royalty valuations, Tonnage values and the like. 

Costy which is urged as representing the actual investment in a 
property, is no criterion of value; the great bulk of the anthracite lands 
were patented to individuals by the State of Pennsylvania from about 
1796 to 1816, at from two to four dollars per acre. No one could consider 
that as a present value, and if it were maintained the anthracite com- 
munities would be bankrupt for lack of taxable assets, yet $4 per acre at 
6 per cent, compound interest from 1800 to date would amount to $5200 
per acre, more than the present average value of the lands, and the 
undeveloped area has paid taxes for all this time, besides accumulat- 
ing interest. 

If the last purchase price be taken, the wildest confusion and injxistice 
ensues, a property which may have cost $1000 a half century ago would 
be valued at that in the hands of the original purchasers, on its sale it may 
immediately jump to $100,000 in the hands of a new owner, while identical 
property not sold remains valued at the original cost. 

Assessed valuation is not a reliable indication of value, particularly 
in the case of coal where the widest variation exists in the values assigned 
in adjoining counties and municipalities, and when quite generally coal 
land in the hands of the farmers is unassessed or assessed at nominal 
value. Similar land in the hands of operating companies, even if unde- 
veloped, is often heavily assessed. In the anthracite region, the basis 
of valuation varies from about $30 to $600 per foot-acre for land in 
adjacent counties. 

Sale prices are a just basis of valuation for the particular lands sold, 
provided that the sale was between a willing seller and a willing buyer,” 
but sales are not even an indication of the value of other properties. 
As is well known, one mine may be a bonanza and the adjoining one a 
liability. Further, the value of a mining property may be greatly 
enhanced, or much depreciated, by the method adopted in opening, 
development or equipment; and in the sale of properties all of these con- 
siderations are taken into account. 

Royalty values are useful as indications of value of unopened lands, 
it is self-evident that any one paying royalty expects to make a material 
profit above that royalty, and the value of operating lands is hence 
based on the sum of the royalty to the lessor and the profit to the lessee. 

Tonnage Values . — ^While all values can be reduced to value per 
ton, there is a tendency to estimate tonnage and then apply an assumed 
figure of value per ton; this is not a valuation but guessmg. 

After a full consideration of all the above methods your Committee, 
in fixing a general value of coal lands, has used as far as practicable the 
present value method for operating properties, considered as covering the 
‘‘available coal” being the probable future output for 40 years; all coal in 
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any district not included in the 40-year output is classed as reserves and 
the method of its appraisal is hereinafter explained. 

Data . — We requested, from data collected by the United States 
Coal Commission, Federal Trade Commission, and by the United States 
Geological Sur\*ey, statements of tonnage by j’ears to date; days worked, 
operating cost (with royalty, depletion, depreciation, interest, and 
Federal taxes separate) retmms from sales, and tonnage remaining, all 
bituminous coal dmded into fields in accordance with the U. S. C. C. 
fielding map, and anthracite into four fields, northern, eastern middle, 
western middle, and southern. 

Basis of ValiuUion . — The weighted average of data for the years 
1920 and 1921, where such is available, was used as a base: first, because 
this was believed to fairly represent present conditions; second, any 
changes of conditions in costs would, we believe, be reflected in the 
realization; third, the data in the possession of the Commission is most 
complete for these years. Where the 1920-21 earnings were unavailable 
or misleading, the most reliable available data were used. 

As the total value of the properties is desired, costs are figured before 
royalty, depletion, depreciation, and interest charges; royalty in the case 
of leased and depletion in the case of fee lands represents the value of the 
undeveloped coal in the ground, depreciation the value of improvements 
and developments, and interest charges and profits the returns to capital 
used in operation. Federal taxes are a charge against income and 
must be deducted from the realization before it can properly be used 
in estimates of value. 

Future tonnage is estimated from consideration of past tonnage and of 
reserves in each district; Figs. 1 to 5. 

Value of Operating Property . — ^From the above, the value of the 
operating properties is determined by discounting at 6 per cent, compound 
interest the net yearly returns, as a varying annuity estimated for each 
field for the period noted, obtained by applying the values as above indi- 
cated per ton to the estimated tonnage for each year. 

Value of Besenes . — ^The reserve tonnage is determined by the differ- 
ence between the operating tonnage as above and the total estimated 
tonnage in each fldld, this is considered as a whole in each field as undevel- 
oped coal, the value of this is based on either actual sales of virgin 
areas where such sales of recent date are available and sufiScient to 
justify their general employment in the estimates, or lacking that on the 
present value of the reserve coal at the present rates of royalty, but con- 
sidered deferred for the life of the operating lands. 

Total Valuation . — Based on the above, the total valuation is made 
up of the value of operating coal land and reserves, and includes develop- 
ment and equipment, as well as all land values, regardless of whether 
the ownership is in the operating company or the lands operated 
under lease. 
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Anthracite Valuation 



Fig 1 —Past and estimated putties tonnage, bt piblds, op anthbacitb eegion, 

Pennstlvania. ' 

Reasonably complete data, as requested, were furnished by your 
statisticians, together with the Commission's estimate of coal. 


Fibld Total Coal Rb- Pbs Cbnt. Pacov- RacovasABLa Coal 

liAIBTZNQ BBABLB HbMAININQ 

Northern 8,276,763,000 67.0 2,195,431,000 

Eastern Middle 248,628,000 69.4 172,548,000 

Western Middle 3,573,026,000 68.1 2,076,928,000 

Southern 9,256,260,000 49.0 A535,567,000 


Total 16,364,676,000 8,979,474,000 


From a study of past production, we estimate as a conservative 
basis of value that the field as a whole can increase by 1935 to about 
100,000,000 gross tons per year, and hold this average production to 
the end of the 40-year period allowed for available coal, as shown on 
attached diagram. 

The reserves, mostly in the western middle and southern fields, are 
expected to hold the 100,000,000 tons output for about 10 years longer 
and then gradually decrease to 50,000,000 tons per year with a total life 
of about 70 years additional. 

As important factors in production, we estimate for the northern 
field a life of 50 years; for the eastern middle, 35 years; the western 
middle, 100; and the southern field, 110 years. All of these fields will, of 
course, produce coal long after the above limits, but in small quantities 
and of ne^gible present value. 
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The western middle and southern fields will have to carry on after 
the other two fields cease to be important factors, owing to depth and to 
geological conditions, resulting in a much smaller percentage of domestic 
sizes, the coal from these fields is more costly to mine and brings less 
realization all sizes; hence these fields are naturally only developed 
to carry the surplus de m anded bj' the market over that furnished by the 
cheaper northern and eastern middle fields; but these more costly fields 
have the greatest reserves and can be expected to maintain a large pro- 
duction long after the more favored fields are exhausted. 

The average roj-alty paid on all coal sold was found to be 16.5 cents 
per ton, the average depletion 14.7 cents, and average depreciation 
charged on plant 10.S cents. 

Valuing the available coal, plant, and improvements on the basis 
of the returns found from the Commission’s figures, discounted to the 
present time, and the reserves on probable margins deferred 40 years, we 
estimate the present value of the properties comprising the Pennsylvania 
anthracite field as follows: 

Available recoverable tonnage 
Reserves recoverable tonnage. 

Total recoverable tonnage 8,979,600,000 

Present value of plant, improvements, and available 

tonnage $843,500,000 

Present value reserve tonnage 146,400,000 

Total present value $989,900,000 

Bituminous Valuation 

In appraising bituminous coal, your Committee, in addition to con- 
sidering recent earnings submitted, has given full consideration to all 
data available, earnings of earlier years, sales values, royalty rates, and 
past performances, and presents hereinafter estimates of tonnage and 
value which it believes to be most conservative and fully justified by 
the data obtained. 

The totoL tonnage is based on estimates of the U. S. Geological Survey, 
and of various state survGys, all revised and reduced to allow for losses 
in mi n in g and for thin and imavailable coal included in these estimates 
but not considered as of special value. The total tonnages considered 
in the Committee’s estimate are actually materially less than one-half 
of the tonnage estimated by the U. S. Geolo^cal Survey as remaining at 
the end of 1920. 

Available cod is estimated as that commercially mineable within 
40 years, allowing for probable gradual increases in the rate of output 


3.907.900.000 

6.071.600.000 
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to a total for the whole industry of 1,000,000,000 tons per year at the close 
of the 40-year period. 

Reserves are considered as such coal as would be available after 
the exhaustion of the available coal, excluding from any consideration 
all coal so situated as to be impracticable of access, and all coal so thin 
or of such depth as to have no present sale value. 

In determining the amount of reser^^e coal, an effort has been made 
to confine this item to coal which at the present time, or at least within 
the 40-year life of the available coal, would have actual ascertainable 
sale value, and be capable of beneficiation. 



Fig. 5, — ^Past and estimated fdturb peoduction op bituminous coal — total 
FOB United States excluding Alaska. 

As the values of available coal were obtained by discounting probable 
earnings, these values necessarily include all plant, development, equip- 
ment, mine housing, and other properties directly connected with the 
business. They do not include outside factors as interest or rentals 
received, profits from connected undertakings as stores, farms, selling of 
purchased coal and the like. The values of reserves are those of the coal 
land only and are, in general, far below the market price of similar lands in 
the same localities. It is the feeling of your Committee that all the coal 
to be mined within 40 years, whether from present or future operations, is 
included in available coal and that all reserve values should be treated 
as deferred. 

The Committee's estimate of the value of the coal properties of the 
country, not including coal in Alaska or in the island dependencies of 
the United States, is as shown in Table 1. 

The value of the available tonnage $7,129,714,000, is the minimum 
on which earnings should be based. Considerable amounts of reserve 
tonnage are, and should be, held by operators to protect their future inter- 
ests, and earnings must be sufficient to cover the carrying of reasonable 
holdings of such reserves. 
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Table 1, — Estimaie of Present Value of CocH Lands, Plant and Improve- 
ments, in the United States 



! Tonnage 

1 

1 

1 Available 



State 

; Available for , :^“tVahfe 
.Mining within 

40 Yeis, Tons, 

Tonnage 
, Including 

1 Plant and 

Reserve 
j Tonnage 

Total 


limprovemcnts 

1 1 

1 

Alabama 

i ' 

1,020,000,000 32,000,000,000 S 130,560,000,3 162,000,000 

1 S 292,560,000 

Arkansas 

106.000.000 860,000,000 , 22,048,0000' 21,600,000 

1 43,548,000 

Colorado 

; 680,000,000 157,000.000.000, 144,160,000: 157,000,000 

1 801,160,000 

Illinois 

. 4,920,000,000 49,000,000,000| 984,000,000; 490,000,000 

1 1,474,000,000 

Indiana 

, 1,640,000.000 25,000,000,000' 229,600,000, 125,000,000 

) 354,600,000 

Iowa 

' 380,000,000; 14,000,000,000: 30,400,000: 14,000,000 

1 44,400,000 

Kansas 

: 354.000,000' 14,000,000,0001 49,560,000! 14.000,000 

1 63.560,000 

Kentucky 

' 2,290,000,000. 60,000,000,0001 421,860,000, 600,000,000 

1 1,021.360,000 

Maryland 

' 144,000,000' 160,000,000! 37,440,000 

1 8,000.000 

45,440,000 

Michigan 

72,000,0001 80,000,000 

1 11,520,000 

1 900.000 

12,420,000 

Missouri 

Montana 

j 278,000,000 

1 

1 20,000,000,000 

1 33,360,000 

f 20,000,000 

53.860,000 

Bituminous \ 
Lignite J *“ 

1 232,000,000 

1,600,000,000 
' 181,500.000,000 

33,408,000 

; 98,250,000 

131,668,000 

New Mexico 

1 


j 



Bituminous 1 

Sub-bituminous J 

1 

1 210,000.000 

9,000,000,000 
1 86,000,000,000 

j 47,670.000 

88,000,000 

185,670,000 

Ohio 

1 2,640,000.000; 32,000.000,000 

485.760,000 

640,000,000 

1,125.760.000 

Oklahoma 

1 270,000,000 

1 18,000,000,000 

87,800,000 

90,000,000 

127.800.000 

Pennsylvania 

; 8,920,000.000 

26,000,000,000 

1,998,080,000 

780,000,000 

2,778,080,000 

Tennessee. ....... 

Texas 

j 402,000.000 

8,000,000,000 

70,752,000 

20,000,000! 

90,752,000 

Bituminous 1 
Lignite / ‘ 

1 124,000,000 

2.000,000,000 

12.000,000,000 

7,440,000 

11,000,000 

18,440.000 

Utah 

Virginia 

{ 350,000,000 

46,000.000.000 

64,400,000 

230.000.000 

294,400,000 

Anthradte i 
Bituminous / * ' * ’ 

660,000,000 

100,000,000 

10,000.000,000 

132,000,000 

201,000,000 

333,000,000 

Washington 

178,000, OOOl 
5,540,000,000 

82.000.000,000 

61,000,000,000 

85,600,000 

1,196,640,000 

80,000,000 

915.000,000 

115,600.000 

2,111.640,000 

West Virginia 

Wyoming 






Bituminous 1 

Sub-bituminous I 

404,000,000 

40,000,000,000 

800,000,000,000 

71,136,000 

850,000,000 

421,136,000 

Miscellaneous* 






Bituminous 


i 2,000.000,000 




Sub-bituminouB 

96.000.000 

4,000,000.000 

11,620,000 

41,000,000 

52,520,000 

Ligmte 


350.000,000.000 

1 



Total, exduding lig- 






nite 


1,049,650.000.000 

543,500,000,000 




Total lignite 










Total 

32.000.000.000 

1,693,150,000,000 

36,286,214,000 

35,156,650.000 

$11,442,864,000 

Pennsylvania, 

anthradte 

3,907,900.000 

6,071,600,000 

843,500,000 

146.400,000 

989,900,000 

Grand total, . . . 

35,907,900,000 

1,698,221,600.000 

17,129,714.000 

$5,303,050,000 

$12,432,764,000 


* MssceUaneoiia iixoludes: Arizona, Cabfomia, Georgia, Id^o, North Carolina, North Dakota, 
Oregon, South Dakota. 
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Plani . — The data presented are not sufficient to permit the deter- 
mination of the actual value of plant and equipment, nor do we believe 
that such data could be obtained of sufficient accuracy to warrant their 
general application. The total value of plant and equipment in the 
bituminous fields varies from $1 to about S3, and in the anthracite region 
of Penn^lvania, from S1.50 to as high as S4.50 per ton of annual output. 
Employee housing, of good type, costs, under present conditions, upwards 
from $1 per annual ton. 

Your Committee has endeavored to be distinctly conservative in 
estimating both tonnages and values, and collectively and separately 
desires to express most forcefully the opinion that the properties valued 
either as available or reserve could not be purchased in the open market 
except at a price far beyond the Committee’s estimates. 

The discount rate used, 6 per cent, for anthracite and 8 per cent, for 
bituminous, are those adopted by the U. S. Treasury Department for the 
income tax valuations. 

In conclusion, careful studies have been made in detail of regions 
and districts, in both the anthracite and the bituminous valuations. With 
the limited time available it is impossible to present these in such form 
as to be informative to the public, and your Committee therefore con- 
fines its report to the general methods used and to the results reached. 

Very truly, 

SeTpiemher 19, 1923. R. V. Norris, 

Sam’l. a. Tatlor, 

Howard N. Eavenson, 

H. M. Chance, 

Jas. H. Allport, Committee. 
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Data about Labor Employed in Various Bituminous 
Coal Mines 

By Howard N. Eatenson, Pittsburgh, Pa 

(New York Meeting, February, 1024) 

The information contained in the following paper was collected at 
the request of the U. S. Coal Commission, and is published with the 
permission of that body and of the various companies furnishing 
the data. For obvious reasons, the names of the companies are not 
given. No data were obtained from states south of Virginia or west of 
the Mississippi River. 

The data about the amount of labor, in man-hours, required in produc- 
ing a ton of bituminous coal have been collected with the idea of showing 
what is being done at some well-managed plants, and not to show the 
average amount required by all mines, which imdoubtedly is considerably 
higher than the average of the figures shown.* Almost all of the figures 
were supplied by the various companies in reply to a questionnaire; 
when they were obtained from other sources the company was asked to 
verify them. On accotmt of the amount of work required, the data were 
only requested for one or two months for each plant, and the figures 
represent in each case a month when the car supply was good and the 
work was practically steady. In the case of most of the West Virginia and 
Kentucky mines, these conditions were best met in May and June, 1922 . 

The mines for which the figures are given are arranged by states and 
as to whether the mine operates under union or non-union or open-shop 
conditions. The union mines listed are generally considered to be as 
well-managed as are the non-union ones. 

The production per month in a few cases includes the amount of 
elate which is loaded and hauled out of the mine, as of course this requires 
nearly as much labor per ton as does the coal. These cases are noted. 

The number of days worked includes only the total time in which the 
tipple operated; not the number of days on which the mines operated. 
This makes the output per day appear slightly higher than it should be in 


* The average figures for year 1921 have been computed from reports at U. S. Ck>al 
CommissioR and added to these tables. 
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these cases, but does not affect the item of '‘days worked/^ as the total 
days worked per month for each class, or the average number of each 
class working per daj', were reported. It is hardly likely that any error 
introduced b\’ this factor will be as great as the variation in production is 
from month to month, even at the same plant. 

The number of machine men working per daj" includes both machine 
runners and helpers and, in computing the average production per day, 
the crew of two men is used as the di\TSor and the number of man-hours 
per ton includes the time of both men. The coal produced per machine 
sometimes includes all coal produced, both pick and machine, as data 
were not always available for separating this; in all cases where it could be 
separated, it is shown and computed separately. The number of man- 
hours per ton is computed from the actual number of hours in the working 
day at each plant and not from the time actually spent at the face. As a 
usual thing, the loader does not spend the total working time at the face; 
and in most mines, the actual time at the face does not average over 
about seven hours. All labor required in producing coal is included in 
the figures, whether employed inside or outside. 

The figure in the column headed “Greatest tonnage loaded in one day'^ 
is the largest amount loaded during that month; in the next column are 
given the answers to the inquiry whether the loaders could average more if 
a full car supply was available. 

In the accompanying tables, the figures under total labor are not the 
sums of figures in the previous columns; each item is the minimum or 
maximum of the figures in its class. For all of the mines given the data 
can be summarized as shown in Table 1. 

The production per loader in mines Nos. 9 and 27 is the average pro- 
duction of thousands of men in different states and in many mines under 
different conditions. There is no doubt that this rate can be equalled in 
nearly all mines with approximately the same coal thicknesses and it 
should be excelled in many mines with better roof conditions. 

In comparing the amounts of day labor required in the Illinois, 
Indiana, and Ohio mines with those in Eastern Kentucky, West Virginia, 
and Pennsylvania, it must be considered that pillar withdrawal is practi- 
cally unknown in the former three states, while largely practiced in the 
latter ones. 

Estimates show that in the latter mines the amount of inside day 
labor could be reduced from 25 to 50 per cent., which would affect not only 
the slate, timber, and track-men, but the men engaged in transportation, 
if the same methods of mining were practiced. This increase in day labor 
required for pillar withdrawal is, of course, balanced against the increased 
yield of coal per acre. 

If all of the best performances could be grouped at one plant, it would 
be possible, by present methods, to produce a ton of coal with an amount 
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Table 1. — Swmmary 


Man-hours Required per Net Ton 





1 

j Daymen 


Total 



1 Cutting ; Tonnage 

1 i 

Inside 

j Outside 

Total 

Labor 

Minimum 

0.36 

i 0.014 j 0.43 

1 0.17 

0.03 1 

0.27 

0.84 

Maximum 

Average, 1921 j 

2.01 

1 0 86 j 2.01 

i i 

1 1.23 

1 

0.66 1 

1 

I 

1.45 1 

3.38 

1.91 

As between Union and Non-union Mines for Mines Given 


Union: 


1 



I 


Minimum 

0.55 

0 07 0 68 

0.24 

0.03 

0.27 

1.14 

Maximum 

2.01 

0.86 2.01 

0.95 

0.45 

1.40 

3.38 

Non-union: 







Minimum 

0.36 

0.014 0.43 

0.17 

0.07 

0.34 

0.84 

Maximum 

1.43 

0.25 1.42 

1.23 

0.66 

1.45 

2.39 


As Regards Siae of Mine — Less than 1000 Tons Output per Day 


Minimum 

0 46 

0.016 

0.50 

0.17 

0.07 

0.41 

1.10 

Maximum 

Average, 1921 

2.01 

0.86 

2.01 

1.23 

0.66 

1.45 

3 06 
1.83 


Between 1000 and 2000 Tons Output per Day 


Minimum 

0.36 

0.014 

0.43 

0.26 

0.08 

0.37 

0.84 

Maximum 

Average, 1921 

1.28 

0.14 

1.41 

0.87 

0.34 

1.37 

2 25 
1.72 


Over 2000 Tons Output per Day 


Minimum 

0.43 

0 03 

0.46 

0.24 

0,03 

0.27 

1.13 

Maximum 

Average, 1921.: 

1 14 

0.16 

1.26 

0 64 

0.24 

0.79 

1.96 

1.72 


As Regards Thickness of Seam Worked 


Seams 48 in. and less in 








thickness: 

Minimum 

0.39 

0.03 

0.43 

0.17 

0.07 

0.42 

0.84 

Maximum 1 

1.77 

0.25 

1.79 

0.845 

0.666 

1.20 

2.51 

Average, 1921 

Seams 49 in. to 72 in. in 






1 

2.41 

thickness: 

Minimum 

0.36 

0.018 

0.43 

0.26 

0.07 

0.36 

0.90 

Maximum 

1.6 

0.86 

1.77 

1.23 

0.52 

1.45 

2.49 

Average, 1921 

Seams 73 in. to 110 in. in 







1.86 

thickness: 

Minimum 

0.43 

0.014 

0.48 

0.24 

0.08 

0.33 

0.96 

Maximum 

2.01 

0.16 

2.01 

0.98 

0.34 

1.18 

3.06 

Average, 1921 







1.54 


Note. — ^Average 1921 figures are calculated from data in report of U. S. Coal 
Commission. 
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Table 2. — Production Data^ West Virginia Mines 


Mine 

Gmnty 

Union or 
Non-union 

Name of 
Seam 

Thick- 

ness 

Inches 

! 

Month 

i 

1 

Production I 
Net Tons ' 

1 

1 

No. 

Days 

Worked 

Aver. 

Prod. 

per 

Day 

1 

Raleigh 

Non-union 

Beokley 

60.0 

May. 1922 

' 43.627 

1 

22 2 

1,965 

2 

Raloagh 

Non-union 

Beckley 

60.0 

June, 1022 

48,608 

19.2 

2,276 

3 

Raleigh 

Non-union 

Beckley 

54 0 

May, 1922 

15,182 

25 0 

605 

4 

lialeigb 

Non-union 

Beckley 

54 0 

June, 1922 

15,419 

21 5 

717 

5 

Raleigh 

Non-union 

No, 8 

45 0 

May, 1922 

87,616 

25 4 

1,481 

6 

Raleigh 

Non-union 

No. 8 

43 0 

June, 1922 

33,143 

20 8 

1,593 

7 

Raleigh 

Non-union 

No. 3 

54.0 

Nlay, 1022 

11,055 

25 4 1 

471 

8 

Raleigh 

Non-union 

No 3 

! 54,0 

June, 1922 

1 

11,821 

31.735-M 

1 941-P 

20.6 

574 

9 

Logan 

Non-union 

Island Creek 

79.0 

, Mar , 1922 

1 

1 32,676 

1 42,258-M 

! 7,4S3-P 

26.0 

1.267 

10 

, X^gan 

Non-union' Island Creek 

. i 

. \ 

1 

81.0 

1 

Mar., 1922 

1 

49,741 ' 

30,788-M i 
1,9S7-P 

26 0 

1.913 

11 

I^gan 

' Non-union 

Island Creek 

75.0 

; Mar., 1922 

32,770 ! 

25.9 

1.267 

12 

Txigan 

Non-union 

Island Creek 

, 77.0 

, 

1 Mar., 1922 

1 

40,146-* 1 

3,926-P 

38,385-M 

26 0 

1.644 

1 

1 

13 

Raleigh 

Non-union 

Beokley 

60.0 

j Mar., 1922 

41,310 

24.8 

1,669 

14 

Mingo 

Non-umon 

1 

Thaokex' 
Island Creek 

1 66.0 

1 46.0 

Mar , 1922 

1 

27,001 

24.0 

1,125 

15 

Logan 

Non-union; 

1 

Eagle ' 

1 Island Creek 

' 60.0 
43.0 

June, 1922 

37,255-* 

26.0 

1.433 

16 

Logan 

\ 

1 

, Non-nnion' 

1 1 

! 

Eagle 

1 

72.0 

June, 1922 

11,026-* 

12,170-M 

4,732-P 

26.0 

424 

17 

McDowell 

Non-union 

Sewell 

40.0 

Mar., 1922 

16,002 

17,416-* 

24.0 

704 

IS 

Mercer 

Non-union] 

No. 8 Poca. 

52.0 

Mar., 1022 

25.0 

i 696 

19 

iMoDoweH 

1 

1 

No. 4 Pooa. 

73.7 

May, 1922 

23,655 

27.0 

876 

20 

McDowell! Non-union | 

War Creek 

50.0 

May, 1922 

19.000 

27.0 

704 

21 

Mingo 

1 Non-union 1 

Thacker 

51,0 

May, 1922 

21,273-* 

27.0 

788 

22 

Mingo 

' Non-union 

Thacker 

52.0 

1 June, 1922 

4,082 

26.0 

155 

23 

1 Mingo 

1 Non-union 1 

Alma 

57.0 

June, 1022 

5,146 

24.0 

214 

24i 

i 

i 

1 Mingo 

i 

1 Non-union 

1 Thacker 

49.0 

June,_1922 

11,847 

74,402-0 

1,100-S 

25.0 

474 

'25' 

Marion | 

1 Union 1 

1 Pittsburgh 

96.0 

Nov., 1921 

75,602 

25.0 

8,020 

26 

27 

1 

Marion j 
McDowell 1 

1 

t 

Union 1 Pittsburgh 
Non-umon' No. 3 and No 4 

1 Pooa. 

85.0 

Mar., 1022 

1 May-June. 22 

25,585 

1.027,795 

23.0 

1,112 


4:9,253 tons xnaoMne coal; laxge part of this was out by loaders, by punohiiig maohixies 

* 65 per cent, robbing, no xnaohinee used. M, madhine mined. 

* 45 per cent, robbing, no^maohmes used. P, pick mined. 

* All machine coal. O, coal. 

S, slate. 
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Table 2. — Continued 


Mine 

Men Working per Day 

Average Production Net Tons 

Load- 

ers 

Mach 

Men 

Total 

Ton- 

nage 

Men 

Daymen 

Total 

All 

Men 

Load- 

ers 

Mach 

1 

Total' 

Daymen 

Total 

All 

Men 

■In- 

side 

Out- 

side 

Total 

Men 

(2) 

ton- 

nage 

Men 

In- 

side 

Out- 

side 

Total 

1 

118.0 

8.0 

126.0 

98.0 

46.0 

144.0 

270.0 

16.7 

491 

15.59 

20.1 

42.7 

13 64 

7 28 

2 

121.0 

8.0 

129.0 

103.0 

44.0 

147.0 

276.0 

18.8 

569 

17.64 

22 1 

51.7 

15.48 

8.25 

3 

38 0 

4.0 

42.0 

34.0 

17.0 

51.0 

03.0 

15.9 

302 

14.40 

17.8 

35.6 

11.86 

6.50 

4 

41.0 

4.0 

45.0 

87.0 

17.0 

54.0 

99.0 

17.5 

350 

15.93 

19.4 

42.2 

13.28 

7.24 

5 

81.0 

8.0 

89.0 

60.0 

23.0 

83.0 

172.0 

18.3 

370 

16 64 

24.7 

64.4 

17.84 

8 61 

6 

77.0 

8.0 

85.0 

59.0 

23.0 

82.0 

167.0 

20.7 

898 

18.74 

27.0 

69.3 

19.48 

9.53 

7 

36.0 

4.0 

40.0 

28.0 

15.0 

43 0 

83.0 

18.1 

235 

11.77116.8 

81.4 

10.95 

5.67 

8 

43.0 

4.0 

47.0 

34 0 

18.0 

52.0 

90.0 

13 3 

287 

12.20 

16.9 

31.9 

11.04 

5.80 

9 

69.0 

8.0 

77.0 

4.0 

23.0 

67.0 

144 0 

18.2 

204 

16.32 

28.6 

54.7 

18.76 

8.73 

10 

125.0 

10.0 

135.0 

80 0 

16.0 

96.0 

231.0 

15.3 

324 

14.17 

28.9 

119.6 

19.93 

8.22 

11 

60.0 

8.0 

68.0 

47,0 

19.0 

66.0 

134.0 

21.1 

296 

18.68 

27.0 

66.7 

19.20 

9.45 

12 

105.0 

10 0 

115.0 

58.0 

18.0 

71.0 

186 0 

14.7 

309 

18.43 

29,1 

85.8 

21.75 

8.30 

13 

120.0 

15.0 

135.0 

101.0 

17.0 

118.0 

253 0 

18.9 

207 

12.86 

16.5 

98 2 

14.14 

6.60 

14 

68.0 

12.0 

80.0 

122.0 

71.0 

193.0 

273.0 

16.5 

187 

14.06 

9.2 

15.8 

5.83 

4.12 

15 

103.4 

11.9 

115.8 

67.8 

80.0 

97.8 

218.0 

13.9 

241 

12.48 

21.1 

47.8 

14.65 

6.78 

16 

29.8 

5.0 

34.8 

44.6 

14.2 

58.8 

98.6 

14.2 

170 

12.18 

9.5 

80.0 

7.21 

4.52 

17 

70.6 

4.0 

74.6 

15.8 

21.5 

86.8 

111.4 

10.0 

254-* 

9.44 

46.0 

33.8 

.19.18 

6.3 

18 

49.6 

6.0 

56.6 

31.6 

25.7 

57.8 

112.9 

14.0 

104-® 

12.52 

22.0 

27.1 

12.15 

6.16 

19 

114.0 

2 0 

116.0 

88.01 

35.0 

118,0 

234.0 

7.68 

976 

7.52 

10.55 

25.03 

7.42 

3.74 

20 

66.0 

8.0 

74.0 

56.0 

31.0 

87.0 

161.0 

10.67 

176 

9.51 

12.57 

22.71 

8.09 

4.37 

21 

45.3 

6.0 

61.1 

71.6 

14.0 

85.6 

186.7 

17.5 

263 

15.42 

11.0 

56.3 

9.20 

5,76 

22 

10.4 

2.0 

12.4 

13.4 

7.0 

20.4 

82.8 

15.0 

155 

12.5 

11.6 

22.1 

7.60 

4.72 

28 

17.4 

4.0 

21.4 

24.8 

14.0 

88.8 

60.2 

12.8 

107 

10.00 

8.6 

15.3 

5.51 

8.55 

24 

80.1 

4.0 

84.1 

78.8 

11.0 

84.8 

118.4 

15.7 

287 

18.90 

6.5 

43.1 

5.62 

4.00 


106-P 















181-M 














25 

287 

44.0 

331.0 

238.0 

66 0 

304.0 

635.0 

10.5 

90-1 

9.12 

12.7 

45.8 

9 93 

4 75 

26 

87.0 

16.0 

103.0 

58.0 

15 0 

73.0 

176.0 

12.78 

189 

10.80 

19.17 

74.13 

15.23 

6.32 

27 








19.0 

200 







Coal Loading. — ^In June, 1922, at Mine No. 15 in Logan County, one (1) man loaded 683 mine oars 
holding 956 net tons coal in 29$ hr. spent in the mine. Loader worlrod in doable track rooms 86 ft. 
wide, coal averaged 46 in, thick; he drilled and shot his coal about H of the time, but neither picked out 
impurities nor set props. Besides this he did 10 hr. of day labor; his total eamings for the month were 
$519.98. Average loading per hour ■■ 8JS tons or 2.8 mine oars. 
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In June, 1922, at Aline No. 16 in Logan Co.« one (1) man loaded 572 mine oars holding 743.6 net tons coal in 222 hr. spent in the mine. Loader worked 
in two entries 18 ft. wid& coal averaged 44 in. thiok; he drilled and shot his ooal, but neither picked out impurities nor set timbers. Roof conditions in theso 
working places were not favorable with considerable water present. Besides this, he did 2 days or 18 hr .-day work; his total earnings for the month, including 
pay for water at face, were $528.50. Average loading per hour » 3.4 tons or 2.5 mine cars. 
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Table 3. — Production Data, Kentucky Mines 


Mine 

1 County 

1 Union or 
Non-union 

i 

i Name of 
Seam 

! 

! Thick- 
: ness, 

1 Inches 

j Month 

i 

Production 
i Net Tons 

No. 

Days 

Worked 

Aver. 

Prod. 

per 

Day 


j 


1 

1 

i 

6,232-0 






1 

i 

1 

1 352--S 




1 Eastern 


' Miller Cr, 

i 

1 

1 



1 

j Kentucky 

1 

Non-union 

; No. 1 

i 

. 47 

1 

! Aug . '21 

' 14,836-0 

! 2,442-S 

1 

24.25 

272 

1 


> Eastern 


Miller Cr. 

i 

1 



2 

Kentucky 

Non-union 

No. 1 

i 

i Aug., '21 

1 

1 17,277 

17,643-C 
6.611-S 

23.75 

727 


Eastern 




i 



3 

Kentucky 

Non-union 

Elkhom 

! 89 

1 

I 

1 May, *22 

24,254 

16.138-C 

4,906-B 

27.0 

898 


Eastern 



1 




4 

Kentucky 

Non-union 

Elkhom 

96 

June, *21 

21,044 

12,S00-C 

4,804-3 

26.0 

809 



Eastern 







5 

Kentucky 

Non-union 

Elkhom 

89 

June, *21 

17,604 

34,580-C 

3,878-3 

26.0 

677 


Eastern 







C 

Kentucky 

Non-union 

Elkhom 

96 

Max , *22 

38,458 

21,877-C 

3,698-3 

27.0 

1,424 


Eastern j 







7 

Kentucky 

Non-union 

Elkhom 

110 

June, *21 

25,075 

23,487-C 

3,540-3 

26.0 

964 


Eastern 







8 

Kentucky 

Non-union 

Elkhom 

101 

May, *22 

27,027 

24,859-C 

27.0 

1.001 





♦ 


3,182-3 




Eastern 







9 

Kentucky 

Non-union 

Elkhom 

91 

Mar., *22 

28,041 

20,163-0 

8,184-3 

27.0 

1,039 



Eastern 


10 

Kentucky 

Non-union 

Elkhom 

74 

June, *21 

23,337 

6,028-0 

1,070-S 

26.0 

898 


Eastern 







11 

Kentucky 

Non-union 

Elkhom 

100 

June, *22 

6,098 

26,418-0 

25.0 

244 





• 


4,722-S 




Eastern 







L2 

Kentucky 

Non-union 

Elkhom 

80 

Mar., *22 

31,140 

13,829-0 

1.346-3 

27.0 

1,158 



Eastern 


13 

Kentucky 

Non-imion 

Elkhom 

83 

June, *21 

15,175 

84,440-0* 

2,376-S 

26.0 

584 


Eastern 

14 

Kentucky 

Non-union 

Pond Cr. 

60 


36,816 

20.0 

1,841 


Eastern 






15 

i Kentucky 
Eastern 
Kentucky 

Non-union 

No. 6 

70 

May, *22 

67.020* 

21.4 

2,664 

16 

Non-union 

No. 6 

70 

Aug., *21 

58.668* 

25.5 

2,296 


Western 






17 

Kentucky 

Western 

Union 

No. 9 

58 

May, *22 

22,168* 

24.8 

894 

IS 

Kentucky 

Western 

Union 

No. 11 

72 

May, *22 

20,767* 

27.0 

769 

19 

Kentucky 

Western 

Union 

No. 11 

72 

May, *22 

88,661* 

24.1 

1,604 

20 

Kentucky 

Western 

Union 

No. 9 

57 

May, *22 

63,700* 

26.0 

2,450 

21 

Kentucky 

Uxuon 

No. 9 

53 

May, *22 

40,810* 

24.5 

1,666 


* All machine coal. 

Coal Loading. — At mines Nos 15 and 16 in Ferry County; Loader A in 25 days loaded 709 net tons 
coal; average, 28.5 tons per day; Loader B in 21 days loaded 539 net tons coal; average, 25.6 tons per 
day. 
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Loader C in 26 days loaded 706 net tons coal; average, 28.3 tons per day; Loader D in 26 days loaded 710 net tons coal; average, 27.3 tons per day; Loader E 
m 22 days loaded 913 net tons coal; average, 41.5 tons per day. Total, 119 days loaded 3677 net tons coal; average, 30.1 tons per day. 
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Table 3. — C<miinueA 


Mine 

Greatest ! 
Tonnage i 
Loaded . 
in One , 
Day 

] 

Can Loaders 
Produce More 
with Full Car 
Supply? 

Remarks 

1 

29 0 

j 

Loaders, with ezoeption of machine,, load, drill, shoot. 

2 

30.0 


All loaders timber, lay track and clean dirt. 

3 

30 8 

i 

I Same as No. 1. 

4 

29 9 

Yes I 

Loaders drill, timber, lay track and dean dirt; do not shoot. 

5 

24.45 

Yes 

Loaders drill, timber, lay track and dean dirt; do not shoot. 

6 

30 5 

Yes 

Loaders drill, timber, lay track and dean dirt; do not shoot. 

7 ! 

32.3 

Yes 

1 Loaders drill, timber, lay track and dean dirt; do not shoot. 

8 

36.4 

Yes 

1 Loaders drill, timber, lay track and dean dirt; do not shoot. 

d 

28.85 

Yes 

Loaders dnU, rimber, lay track and dean dirt; do not shoot. 

10 

35 35 

Yes 

Loaders drill, timber, lay track and dean dirt; do not shoot. 

11 

25 55 ' 

Yes 

Loaders dnU, timber, lay track and dean dirt; do not shoot. 

12 

26 2 

Yes 

Loaders drill, timber, lay track ami clean dirt; do not shoot. 

13 

31 6 

Yes 

Loaders drill, timber, lay track and clean dirt; do not shoot. 

14 

42.0 . 

Yea 

Loaders drill, timber, lay track and clean dirt; do not shoot. 

15 

39 0 1 


Loaders load only, but dean 8>in. lammated coal. 

16 

41 0 


Loaders timber and lay straight room track. 

17 

24.3 


Loaders timber and lay straight room track. 

18 

24.8 

Yes 

Loaders' drill, dean coal, set timbers and pay for one-half 
shooting. 

19 

22.4 

Not this month 

Loaders drill, dean coal, set timbers and pay for one-half 
shooting. 

20 

21 


Yes 

Loaders drill, dean coal, set timbers and pay for one-half 
shooting. 

Loaders drill, shoot coal, timber, but do no track work. 


Worldxig time was 8 hr. per day. In addition to loading coal, the loader only lays "jumpers'* in 
the face of his room. Drilling, shooting, timbering and straight track work is done by the company. 
Loader E earnings, in month given (January, 1921) were 8547 80. 


of labor of 0.644 man-hour, or slightly less than 77 per cent, of the best 
total figure shown by these data. 

A study of the data presented shows that with the proper organiza- 
tion and with carefully planned mining methods, the average amount of 
coal loaded per day, where ftm amount is not resirictedbyoiUside reguIoHons, 
can be increased at least 25 per cent, without a corresponding increase in 
the amount of day labor needed. 





Table 4. — Production Data, Maryland Mines (Union) 





Table 5 . — Production Data, Ohio Mines for March, 1922 {Unio7i) 


HOWARD y. 


Average Production Net Tons per Day 

Total 

All 

Mon 

cs '•i* « cs 5 1> OC M ^ IS 

Til 00 -sil TjJ CO ic d 1C « « 

Daymen 

Total 

CO Cl OC «C 1-1 0 fH 01 o t> 3C 

^ r- d SO th »H d CO eo d tsi ff 1 

iH tH 1— • 1— f iH N 1-1 »H 

Out- 

side 

t- t-»OOiCOP 

T-J IC rH N o CO o CO 1-1 so 00 25 »c 

coicdddc4xdddcit-cc 
^ eo CO 1C -HI 10 1-1 ic « «o 

In- 

side 

i-IiodwciiHeododcsdd 

WeiiHCilOlOlrHClWiHCvi 1-1 

Total 

Ton- 

nage 

Men 

ICCO CDXC9OOQ01OPC0 

CO M 1C d -11 tH X O «C O X X 

r^xds-db^dxxot^dd 

Mach 

Men 

(2) 

OOOOICOOOOOOOO 

d « X d d lo d CO d d 00 »-i d 

iH o O 00 0 1-1 iH N t- iH tH © N 
iHiHi-li-l T-1 r>1 1-< 1-1 iH iH t-1 

Load- 

ers 

XXXXOC^ICIXOIX 

Tf( M o 00 Vi iH lo i-c ^ r. o t>. X 
xisdddodddddoodd 

1H 

Men Working per Day 

Total 

All 

Men 

NXiHiHXOMOOXXi-lO 

1C O X iH 1H t> o X X © O IN 1-1 
e«X*-lr-lXrt MXHiHi-4<N 

Daymen 

Total 

h-NXtOVilNXOONOr-© 

XXXXXXX©©XXlNX 

Out- 

side 

ssasas^gssssa 

In- 

side 


Total 

Ton- 

nage 

Men 

pXXXOXOOOrHXViiH 
b- ^ © fc- Vi *H X In i9« X © X 

lHi-l iHt-i iHXl-1 iH 

' 

K 

is 

©XXXpViXNViViOXX 

©rl ©iH ©XiHi-li-lril 


148 

128 

85 

70 

129 

99 

64 

148 

222 

120 

66 

82 

105 

Avd 

red ’pord -jeAV 

OXXXXXXiHXb-Xr-iX 
X©©XXpXX©p©XVi 
©©Vi»O©XXXp00XXi-» 
lH IH© 1-i 

ps^IJO^ 

SiCua ON 

ICX© £-XOb-XX© 
00©r-iH0XlNWX«N»-i 

BOOiL 

‘noiqonpoJi 

p 09 »«S©OXOOX©X^ 

lS©ViX©XX09©OiHXVi 

gaijoui ‘sseTnpjqx 

SSSSSSiSSSS$$ 

mueg JO 9uiu>j 

xxxxxxxxxx 

'liizizzizii'll 

^44'S4'&444'34^^ 

Ph Ai P^P^P^P^f^P^P^ 

iC!^lmoo 

llljlllllll 

(q(5pQfflpqwpqpqt?^^^?^^ 

euipi 

»-i©XViXXb-X©OiW©X 



i 

1 

u ^ ^ ^ ^ ^ ^ ^ ^ 

Loader's Duties 

'*^'e3 eS'cS'd'iiS'd'a'ai'd'cS'eS es 
moooooooooooo 

COOOOOOOOOOOO 

g'§§gsgi§i§i|i 

o o o o o o o o 

lllllllllilli 

osaaagsassaas 

fl *45 £ '43 ‘43 *43 ‘43 ’J3 '43 :5 43 

•§'g¥-S'«'8’S'§-S|-S'g'g 

lllllll’lllfll 

l•g'g■s■a'i■s■a■g■s■g■g•g 

•c S^*C*C*C*B'C^‘S’C'C s 
QQfiPPPQqfiQQQQ 

Can 

Loaders 

Produce 
More 
with Full 
Car 

Supply? 

SSS33SSSSSSS 

|!H ><>H|>i ><>< 

Greatest 
Tonnage 
Loaded 
in One 
Day 

24.1 

Man-hours per Not Ton 

Total 

All 

Men 

ViO©i-iNOO©OQViXXb. 

Xo6ViXXXOX©©ViViV« 

•-1 iH © d d 1-1 d »H f-i 1-i d d 1H 

Daymen 

Total 

5eS©Q©NXXX©iH©N 

XXt-XXXt-XXXVii-iX 

ddddddddddddd 

Outside 

XN 

X©©V<©©ViXt-OV<©X 

l>4©©iHiHi-4iHiHO©t«1©lH 

ddddddddddddd 

Inside 

b-i-i©xxx©xx©^ce© 

XXViXXXXXXViXXiC 

ddddddddddddd 

Total 

Tonnage 

Ton 

XXb-OX©XPVi©©XX 

O©N>i-i©HXO©XOX00 

1-1 tH IH 1-i iH Wi-i iH O fi 1-1 iH o 

Mooh. 

Men 

O X© © 

vixv*x©xvie5©v«vit-x 
iH 1H 1-i X 1H i-l »-• »-i O »-« 1-i 1-i 1-i 

ddddddddodddd 

Loaders 

Xi-t iHXX©b*X©©©X 
©i-IXOO©©XXHo5iH1n 

o 1H 1-4 r4 i-i d i-i d d f-i d 1-i d 

1 

TH©xvixxt-x©o^©x 


* All machine' coal, 



















S16 DATA ABODT LABOR EMPLOTED IN VARIOUS BITUMINOUS COAL MINES 


Table 6. — Production Data, Pennsylvania Mines 


Mine 

County 

Union or 
Non-union 

Name of 
Seam 

Thiok- 

ness> 

Inches 

Month 

Produc- 
tion Net 
Tons 

. No. 

' Days 
j Worked 

' Aver. 

1 Prod. 

1 

Somerset 

Non-union 

Pittsburgh 

70 

Mar , *22 

! 22,027 

1 

1 23 

958 

2 

Somerset 

Non-union . 

C' 

43 

Mar., *22 

! 16,184 

24 

674 

3 

Somerset 

Non-union ^ 

cy 

51 

Mar , *22 

; 31,147 

28 

1354 

4 

Somerset 

Non-union | 

C' 

45 

Mar . *22 

1 26,645 

26 

1066 

5 

Somerset 

1 

Kon-umon 

E 

41 

Mar., *22 

1 16,097 
9,370-P 

1 14,534-M 

25 

i 

644 

0 

1 Westmoreland 

Non-union ! 

Pittsburgh 

85 

Jan., *23 

! 23,904 
28,135-P 

1 26 

619 



, ? 



1 

I 9,378-M 1 



7 

Westmorland 

Non-union 

Pittsburgh 

S6 ' 

Mar., *23 

37.513 1 

24 

1563 

8 

Greene 

1 Non-umon ' 

Pittsburgh , 

70 

Dec., *22 

38.771* j 

25 

1551 

9 

Fayette 

Non-union | 

Pittsburgh 

84 


I 

1 



10 

Somerset 

Open-shop 

B 1 

42 

Mar , *23 ! 

41,777 

27 

1547 

11 

Somerset 

Open-shop | 

B 1 

44 

Mar . *23 j 

42,210 j 

27 

1556 


Men Working per D&y ! Average Production Net Tons per Day 


S 

S 

i 1 

1 1 

;Iioadr Maoh. 
* eis Men 

i 

1 

j Total 
Ton- 
nage 
Men 


Daynmn 

Total 

AU 

Men 

lload- 

era 

1 

Maoh. 

Men 

(2) 

Total 

Ton- 

nage 

Men 

Daymen 

Total 

AU 

Men 

, In- 
side 

Out- 

side 

Total 

In- 

side 

Out- 

side 

Total 



AU 













1 

171 

Pick 

171 

51 

28 

74 

245 

5.602 


5.602 

18.78 

41.65 

12.94 

3.01 

2 

102 

8 

105 

45 

56 

101 

206 

6.61 

449 

6.42 

14.98 

12.03 

6.67 

3.27 

3 

181 

3 

184 

79 

7 

79 

263 

7.48 

903 

7.86 

17.14 


17.14 

3.15 

4 

171 

17 

188 

81 

30 

111 

299 

6.23 

185 

5.67 

18.16 

85.68 

9.60 

3.56 

5 

95 

20 

115 

68 

21 

89 

204 

6.80 

64 

! 6.70 

9.47 

30.67 

7.24 

8,16 

6 

72 

8 

80 

86 

30 

66 

146 

12.8 

140 

11.5 

25.5 

30.6 

13 9 

6.3 

7 

142 

5 

147 
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Table 6. — Continued 
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1.25 
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0.905 

2.16 

22 

11 

1.19 

0 12 

1.31 

0.61 

0.17 

0.777 

2.11 

21 


Mine 

! 

Can Loaders 
Produce More 
with Full Car 
Supply? 

Remarks 

1 

Yea 

Loaders drill, shoot coal, timber, lay track and clean dirt. 

2 

Yes 

Loaders drill, shoot coal, timber, lay track and dean dirt. 

8 

Yea 

Loaders drill, shoot coal, timb^, lay track and dean dirt. 

4 

Yea 

Loaders drill, shoot coal, timber, lay track and dean dirt. 

5 

Yes 

Loaders drill, shoot coal, timber, lay track and dean dirt. 

6 


Loaders drill, shoot coal, timber, lay straight track. 

7 


Iioadeis drill, shoot coal, timber, lay straight track. 

8 


Loaders drill, timber and lay track. 

0 


Loaders lay track and set timbers. 

10 


Loaders drill, shoot coal, timber and lay room track 

11 


Loadeis drill, shoot coal, timber and lay room track. 


At Mine No. 9, in Fayette Ck>unty, pick miner loadmg average for past years is 11 net tons daily: 
loader average after air puncher mining machine is approximately 17 net tons per day; loader average 
after electric shortwall mining machine is approsmatdy 20 net tons per day. Pick miners lay track, 
set timbers and drill holes; machine loaders lay track, set timbers but drill no holes — ^neither class 
handles much slate. Roof coal or draw slate are left up in working places. Empty oars are delivered 
to the face of working places. 
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Note. — The unit figures for 1920 are all slightly higher than the actual figure, as the tonnages include 
some mines not reporting the days worked. All base data from Coal Operators Assos. Bulletins. 

Diitnct 1 — The No. 2 seam is worked almost entirely by longwall, pick miners in small shaft opera- 
tions that could not comi>ete with the rest of the state if they were not so close to Chicago. The seam 
IS from 2 ft. 6 in. to 4 ft 0 in thick, averaging about 3 ft. 4 m and has irregular streaks of dirt and sulfur 
m it, as thick as 4 in. Roof conditions are poor. Grades are slight in most of the district. 

District 2 — No. 1 seam averages 4 ft. thick and is much broken by small faults, slips and day veins. 
It has numerous sulfur bands in local places. The roof is usually good, the fireclay bottom heaves 
badly when wet. 

No. 2 seam is the same as in District 1. 

No. 6 seam is from 4 to 8 ft thick, averaging 4 ft 8 in , with discontinuous bands of pyrites over the 
middle of the seam. The gray fireclay bottom heaves badly when air slaked. In local sections, a thin 
layer of iron pyrites on top of the coal keeps the roof up. 

District 3. — No. 5 seam is the same as m District 2. 

No. 6 seam averages about 6 ft. thick and has a band of iron pyrites about 2 in. thick, in the lower 
part of the seam. It has a hard day bottom and a shale top disintegrates with exposure. 

District 4 — No. 6 seam is about the same as in District 8 and furnishes nearly all the production in 
this district. 

District 6. — No. 6 seam is about the same as in Districts 3 and 4, except that the roof is always shale 
and falls easily: the bottom is soft fireclay. 

No. 7 seam is from 2 ft. 6 in. to 7 ft. 6 m. thick and averages about 5 ft. 6 in It contains numerous 
bands and lenses of sulfur. The roof, not generally good, is a black shale; the bottom is soft fireclay. 

The two seams share in the district's production. 

District 6. — No. 6 seam supphes almost all the production in this district and averages about 7 ft. 
thick. It has a quantity of impurities. Its roof and bottom are as in Distnct 5. 

District 7. — Normally District 7 supplies about 40 per cent, of the state output. 

No. 5 seam averages about 4 ft. 6 in. thick with, usually, a good roof and bottom. The quality of 
this coal is best in this district. 

No. 6 seam reaches a maximum thickness of 14 ft , varying from 8 to 12 ft. over large areas It 
always has the parting of iron pyrites, in the thickest coal the parting is sometimes 4 in. thick, and while 
the top is not good, usually a foot or more of coal is left up for support. 

This district has a number of very large mines, some of them the largest producers in the world. 


DISCUSSION 

Howabd N. Eavbnbon. — When discussing Mr. Southward's paper, 
Mr. Eaiguel said he understood the labor figures given in my paper 
applied' to clean coal. That is not the case; both the first and the second 
mines, that is as far as the low amoimt of labor per ton was required, had 
coal far from clean. The first mine, it is said in the paper, had an 
average thickness of about 45 in.; as a matter of fact, the thickness is 
2 or 3 in. less than that, although this figure was given by the man- 
agement of the mine. In that thickness, there is about 3 in. of bone 
coal, which is frozen to both sides of the clean coal, making it very diffi- 
eult to clean. 

The second lowest mine is thicker but it has from 6 to 8 in. of a hard 
laminated body that must be picked out and thrown away; it is also 
difficult to clean. That thickness is given as 60 in. Of aU the mines 
listed, in probably not over 10 or 15 per cent, is the coal clean. 

After these figures were prepared, the Coal Commission published its 
figures of labor required (the average obtained from all of the mines in 
the country), and from those figures I computed the number of man- 
hours per ton. We used the basis of 8 hr. per day for the loaders, though 
we all know that, as a general proposition, they do not work that long; 
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probably 7 hr. would have been better. When an 8-hr. day was in 
force, we used that straight through; where a 9-hr. day was in force, we 
used the 9-hr. figures. So I think the figures are aU strictly comparable. 

The figures show that the management, as everybody knows, around 
a coal mine has more to do with the amount of labor employed than the 
thickness of the seam, because one of the thiimest mines has the lowest 
labor cost or lowest labor required of any mine we investigated. 

George H. Ashlbt* Harrisburg, Pa. — So far as these figures go, the 
thinner beds do not affect labor costs at all; I wish this could have been 
extended to some mines working the much thinner beds, 36 or 30 inches. 

Howard N. Eavenson. — These figures apply only to bituminous 
mines. Very few of these operate in coal as low as 36 in. unless they have 
a special market that they can control by reason of low freight rates as 
against the higher labor costs. As a general proposition, those mines 
are rather Bmall and were purposely omitted, for generally companies 
of that kind do not have these data in usable form. 

George H. Ashlbt. — ^As a member of the Pennsylvania Power 
Survey Board, I find that the engineers have been picking regions in 
which the beds are thin, not appreciating the effect that thin beds have on 
the cost of mining coal. They are afraid to go south of Pittsburgh because 
of the very high land values, forgetting that the cost of mining the thin 
beds north of Pittsburg will severe times make up that added cost. 

E. A. Holbrook, t State College, Pa. — ^Near Saginaw, Mich., I 
went into a mine that, at the bottom, had started with about 4 ft. of coal. 
Worming my way through the workings, like a snake, I reached a section 
where they were mining coal about 12 in. thick. That, I think, is the 
thinnest coal mined in this country. 

S. A. Tailor, Pittsburg, Pa. — One fact that should be brought out is 
that most of these thin seams are worked locally; they are not worked 
in competition with great big seams and over a large area. 

In New Brunswick, the custom is to drive the shaft (it is only 36 ft.) 
every 800 ft. and work out an area 400 ft. square to each shaft; the mon 
pushed the cars. The cost was something over $7 a ton. To work such 
veins as that in this country would be out of the question. 

One factor suggested by Doctor Adaley cannot be gotten away from 
even with very careful management; in the Central Pennsylvania district, 
where they are mining the thin coal, the union scale requires so much for 
brushing down or digging up the bottom. That factor cannot be 
much because it is a sofde r^ulation and you are limited by the amount 

* State Geologist, 
t Dean, School of hlinee. 
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that you have to take down. Pennsylvania mining laws require that we 
shall have at least 5 ft. above the rail for the main headings; that means 
3 ft. of top must be brushed down. 

George H. Ashley. — ^We made a study of the costs in relation to 
thickness of bed and found, as I recall now, that mining a 2-ft. bed would 
cost just about twice as much as mining a 4-ft. bed. A good deal of 
that cost you cannot get away from. 

R. V. Norris, Wilkes Barre, Pa. — The most remarkable coal mining 
proposition that came to the attention of the United States Fuel Adminis- 
tration was a small section in Kansas where they were mining from 10 
to 12 in. of coal, in very wet seams, from shafts averaging 100 ft. in 
depth. The mines were a community affair, they shipped no coal away 
and brought very little in. The fanners worked the mines during bad 
weather with the result that less than 12 in. of coal was commercially 
mineable, as far as that community was concerned. 

Howard N. Eavenson (author's reply to discussion). — While these 
figures were prepared for the specific purpose mentioned, it is evident 
from the discussion at this meeting, and from remarks made privately to 
the author, that their publication has aroused considerable interest 
among mining men in the labor performances at the various mines under 
their control, which was the purpose of the publication of the paper. 

While it is true that the thickness of the seam worked has a great 
and direct influence on the amoimt of labor required, it is also true that 
the variation in amoimt of labor among mines working seams of the 
same thickness, due to differences in methods of working and manage- 
ment, i^ now much more than it should be, and is probably at least as 
much as that due to differences in thickness. This difference affords 
ample opportunity for the exercise of the ability of both the operator 
and the mining engineer. 
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MCTB TRAJJSPORTA'nOJI IX CLIFTOX-MOREXCI DISTRICT 


Development of Mine Transportation in Clifton- 
Morenci District 

By Xormax Caemichael,* New Yoke, N. Y. 

AOT John Kj3>DiE,t Morbnci, Ahiz. 

(New York Meeting, February, 1924} 

The problem of transportation in the Clifton-Morenci district of 
Arizona has been one of peculiar difficulty and consequently has been 
an important factor in the cost of mining and treating the ores produced. 
From the crude beginning made over 50 years ago, many changes have 
been necessary to keep pace with the increased output of copper. 

A heavy-duty haulage system has developed on the original 20-in. 
track gage to meet the existent metal-mine conditions. 


Topooeapht 

The transportation difficulties of this district may be readily appre- 
dated from the rdief map shown in Fig. 1. The northern half of the 
district is high mountainous country and there is a general but irregular 
drop toward the southern part, where the country, althoi^ stilL rv^ed, 
is in reality a great sloping plain. This is cut by numerous ravines 
from which the waters, in the rainy season, discharge into the channel 
of the San Frandsco Biver. A chasm, 1000 ft. deep, has been eroded 
through the center of the district by Chase Creek, wMdx is flanked by 
high irregular mountain masses, notably Copper Mountain, American 
Mountain, Coronado Mountain, and Markeen Mountain. The latter 
ris^ 2300 ft. above the bed of the creek. 

The San Frandsco Biver has also cut a deep channel, though it is 
somewhat broader than Chase Creek. Eagle Creek traverses the extreme 
southwest portion of the area, where it has carved picturesquely through 
vast volcanic flows. 

Faulting has left its mark upon the topography of the district by n ilHiTig 
to the irregularities caused by erosion. Strong faults occur at the Coro- 


* Formerly Qeneral Manager, Arizona Copper Go., Ltd. 
t Mine Superintendent, Phelps Dodge Morenci Branch. 
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nado mine and near the Longfellow incline at Morenci. The canyon 
up which the Morenci Southern Ry, reaches Morenci follows a particu- 
larly persistent fault. This fault is closely associated with the principal 
occurrences of the Morenci ores. 



Fig. 1. — ^Relief map of Clifton-Morenci district. 


The ruggedness of the district made the problem of early railroad 
construction particularly difficult. 

Geology 

The geology of the Morenci-Clifton district has been described at 
length by the U. S. Geological Survey.^ Attention will be called here 
chiefly to the position of the orebodies. The oxidized ores of copper 

1 W. Lmdgren: Copper Deposits of the CUfton-Morenci District, Arizona. Prof, 
Paper 43 (1906). 
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which were mined in the earliest years of the district, have been practi* 
cally worked out. They occurred mainly in the sediments, for the most 
part in the Carboniferous limestone, Devonian shale and Ordovician 
limestone of the higher Paleozoic formation. As these deposits were 
exhausted, prospecting was extended into the large porphyry stock, 
with the result that, after considerable discouragement, the efforts of 
the companies were rewarded by the discovery of high-grade chalcocite 
ore in sufficient quantities to guarantee the future of the district. As 
time progressed, disseminated ores of lower grade have been found in 
the porph 3 nry at increasingly greater distances from the contact with the 
sedimentary area. These lower grade deposits, which are the result of 
secondary enrichment, are essentially shallow, occurring in the upper 
horizons of the porphyry. At Coronado, the ore occurrence is not typical 
of the Morenci district. Here a true fissure vein occurs along an exceed- 
ingly strong East and West fault, and carries chalcocite and cupriferous 
pjTite in vein matter of crushed quartzite, granite and diabase. Low- 
grade ore has been found in the main Coronado orebody on the adit 
level, 1100 ft. below the collar of the Matflda shaft. 

Because the ore of the district is comparatively shallow, the main 
underground haulage level, established over 20 years ago, 250 ft. below 
the collar of the Hiunboldt shaft, has above it almost 70 per cent, of the 
present reserve of the district. 

Early History op Dkyrict 

The early history of the Clifton-Morend-Metcalf district is closely 
linked with that of Silver City, N. M., whidh was founded in 1870 and 
was originally called San Vicente. Before that time, there was a military 
post at Fort Bayard, 9 mi. away. Among the pioneer prospectors of 
San Vicente were some who had been in the Clifton district before 1870 
and who had discovered gravel in “Gold Gulch,” a tributary to the 
Ea^e Creek, which paid 50 c. to the pan. 

The Arizona Central, the first claim in the district, was located in 
February, 1870, by a party of these prospectors. In July, 1870, a party 
of 46 men was organized in Silver City and set out for Gold Gulch, some 
on foot and some on burros, all carrying tools, and heavily armed to 
defend themselves against the Apaches. They established camp on 
Ea^e Creek to wait for the summer rains, as Gold Gulch was dry. After 
waiting vainly for four weeks, shortage of food compelled them to return 
to Silver City, where they disbanded. Induded in this party were 
Ike N. Stevens, now of Clifton, Ariz., and the late Bob Metcalf. 

Enactment of the Federal Mining Law in May, 1872, created great 
activity among prospectors, and at once a party of eight men, iTinliKting 
Jim Bullard and Joe YanHe, set out from Silver City and located three 
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additional claims in this district on the site of the present town of 
Morenci. These claims were the Montezuma, Copper Moxmtain and 
Yankie. While this location work was in progress, a second' party 
started out from Silver City, in which were Captain Joy, sent by Mr. 
Ward of Detroit, Mich., and I. N. Stevens, to do the necessary work on 
the four claims, for patent. At almost the same time, a third party left, 
headed by Bob Metcalf and “staked” by the Lesinskys, merchants of 
Las Cruces, N. M. This party located ground in the ■vicinity of the site 
of Metcalf and then located the Longfellow mine at Morenci. 

A meeting was next called of all the men in the district, and the Copper 
Mountain Muring District was formed in August, 1872, •with Joseph 
Yankie as the first District Recorder. This was then a part of Yavapai 
County, and the original locations were recorded at Prescott, the 
coimty seat. 

The Lesinskys put up the capital to build the first “adobe” furnace, 
which was erected on Chase Creek, below the foot of the present Long- 
fellow incline, in 1873. The concern was known first as the Francisco 
Mining Co. ; later as the Longfellow Mining Co. Charcoal was used as 
fuel, and the ore was packed do'wn steep trails on burros, from the Long- 
fellow mine, about 900 ft. higher than the furnace. This location proved 
unsatisfactory, so, later in 1873, a second adobe furnace was erected at 
the jtmction of Chase Creek and the San Francisco River, where the town 
of Clifton now lies. A wagon road was built to the mines at Morenci 
and water was hauled up and ore was hauled down. A ditch, up the San 
Francisco River, supplied water power to operate a fan for the blast for 
the furnace. Supplies were hauled in, and copper was taken out by 
ox-teams, via Silver City, from Independence, Kans., and later from La 
Junta, Colo, and Las Vegas, N. M., these places being terminals of the 
Atchison Topeka & Santa Fe Ry., as it was built westward. 

In 1874, a disagreement occurred between the Lesinskys and Bob 
Metcalf. After some trouble, Metcalf acquired possession of Metcalf 
Hill, and the Lesinskys of the Longfellow mines. The Lesinskys operated 
for many years with indifferent success, for added to their financial 
difificulties were the depredations of marauding bands of Apache Indians. 

Fibst Railboad in Abizona 

During this time the ore from the Longfellow nrine was hauled by 
wagon to the Smelter at Clifton, at a cost of $10 per ton. The Lesinskys, 
recognizing the magnitude of the deposits, determined to construct the 
first railroad built in Arizona, in order to reduce the cost of hauling the 
ore. This road was built during 1878 and the early part of 1879, along 
the bed of Chase Creek from Clifton to a point below the Longfellow nrine. 
At the same time, a gravity indine, in two separate sections, was built 
from the mine do'wn to Chase Credc, 900ft. below:the ore was carried do'wn 
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the incline in cars and the cars were sent over the new railroad, without 
unloading. The railroad was 4}i mi. long, with grades ranging from 
2.5 to 5 per cent. 

The engineer of construction was Capt. Nicholas S. Davis, who was 
also engineer at the mines, and he was assisted by Mr. Unthank. Captain 



Fig. 2. — ^Fibst industrial locomotivij in Arizona. (Photograph furnished 

BT H. K. Porter Co.) 



Fig. 3, — ^Portion op roadbed op first railwat in Arizona (where man is stand- 
ing) below the present Coronado railroad. 


Davis belonged to the California Column during the Civil War, and 
before the war had worked in mines in. California, and it was this 
experience that led him to adopt a track gage of 20 in., with which he 
was familiar. 
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There were no tracks underground in any of the mines, all the ore 
being removed by wheelbarrows, but later on the underground track was 
laid on 20-in. gage to conform to that already existing on the surface 
railroad and inclines. Mules were the first motive power, but they were 
not satisfactory and a locomotive, Fig. 2, for this work was ordered from 
the H. K. Porter Co. ; the records of that company show that this locomotive 
was shipped in April of 1880, by steamer around the Horn from New York 
City to San Francisco. From San Francisco, the only route open for 
freight at that time was by rail to Fort Yuma and thence to Clifton by 
ox-team, the route unquestionably followed by this locomotive, which 
arrived at its destination in the fall of the same year. 

The engine had cylinders 6 in. in diameter by 10 in. long; saddle tank; 
20-in. gage; and four 22-in. chilled-tread driving wheels. It used wood 
for fuel. The shipping weight was fom: tons, and in working order it 
weighed 13,000 lb. 

An interesting item in the Porter company's records is the memoran- 
dum that this locomotive was to ''have an injector,’^ a new departure 
at that time. It was also provided with a crosshead pump. It was built 
to haul 10 empty cars weighing 2800 lb. each, on a 4.5 per cent, maximum 
grade with 90-ft. radius curves and 16-lb. rails. It was lettered the 
"Coranada’^ by the manufacturers, but it was re-lettered in later years 
and called the "Little Emma.” 

As soon as the railroad was completed from Clifton as far as Long- 
fellow, the work of extending it up Chase Creek to the Metcalf mines 
was undertaken. A portion of this original roadbed, below the present 
Coronado railroad, is shown in Fig. 3. 

Detboit Coppbb Mining Co. 

In January, 1875, William Church, assisted by his brother John, 
acquired the four original claims of the district from the Ward Estate, 
and organized the Detroit Copper Mining Co. In 1880, this company 
built a small smelter on the Frisco River about 3 mi. below Clifton. 
All the ore was hauled down from the mines to the smelter by wagon. 
Two years later the smelter was removed to Morenci. In 1887, the 
Phelps Dodge Co, bought the property from Mr. Church. Until 1901, 
all incoming supplies and outgoing copper were shipped via the Long- 
fellow incline, over the baby gage to and from Clifton. In that year, 
the Morenci Southern, a narrow-gage railroad, was completed from 
Guthrie, on the Arizona & New Mexico R. R., to Morenci, a distance of 
18 mi. This road was laid with 60-lb. steel. There was a maximum 
grade of 3.5 per cent, on tangents and a maximum curvature of 40®. The 
unique feature of this construction was a series of five complete loops, 
one by the use of a tunnel near the San Francisco River and four by 
the use of high wooden trestles in a narrow canyon below Morenci. 



832 


MINE TRANSPOBTATION IN CLIFTON-MOBENCI DISTEICT 


The total cost of this road was approximately $28,000 per mile, 
indudmg eqiiipment. 

Abizona Coppee Company, Ltd. 

In the late fall of 1880, the Southern Pacific Ey., being constructed 
from the west, reached Lordsburg, N. M. 

In 1882, the Arizona Copper Co. Ltd., of Edinburgh, Scotland, pur- 
chased the mines of the Lesinskys and Bob Metcalf. To provide 
adequate transportation facilities for the district, so that serious develop- 
ment could be imdertaken, the company built a 3-ft. gage railroad 
from Lordsburg to Clifton, a distance of 70 mi. This road, built in 1883 
and 1884, was originally named the Clifton and Southern Pacific, but 
later was changed to the Arizona & New Mexico. It was laid with 
48-lb. and 60-lb. steel. This railway was later extended up to the 
Longfellow incline, replacing that portion of the original baby-gage line, 
the extension being completed in August, 1901. Bins at the foot of the 
Longfellow incline were used for about one year to transfer the Metcalf 
ore brought down to this point on the 20-in. road. After this time, the 
change to 36 in. was completed to Metcalf. 

The next step forward was taken in 1900 and 1901, when the Arizona 
& New Mexico was widened to standard gage, the light steel being 
replaced with 60-lb. and 75-lb. As the light steel was taken up from the 
Clifton & Metcalf railway (now called the Coronado R. R.) and the main 
line of the A. & N. M., it was used on the main haulage roads aroimd 
the mines, which is the reason that the electric haulage system to be 
described later is entirdy laid with 48- and 50-lb. steel raUs. 

Shannon Coppeb Co. 

The Shannon Copper Co. was organized in November, 1899, with 
miaes at Metcalf, Ariz. Previous to 1910, ore and supplies were hauled 
between Metcalf and Clifton by the Coronado R. R. of the Arizona Cop- 
per Co., Ltd. During 1909 and 1910, in order to handle its own ores, the 
Shannon company constructed the Shannon Arizona Ry., 10 mi. long, 
at a total cost, including equipment, of approximately $60,000 per mile. 
The road was laid with 75-lb. steel. 

Development of Steam Locomotives and Cabs 

As the mines of both companies became greatly extended and began 
to work lower grade ores requiring concentration, it became necessary 
to handle larger quantities of ore and supplies. Mules were largely 
replaced by steam locomotives and many miles of surface tracks were laid 
in the district, espedally at Morend and Coronado. Grades of from 
4 per cent, to as much as 7.5 per cent, were in vogue. To meet these condi- 
tions, the size and weight of the steam locomotives were steadily increased. 
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Since the arrival of the first tiny locomotive described, sixteen of these 
20-in. gage engines have been purchased for this district, all manufactured 
by the H. K. Porter Co. The last two, supplied to the Detroit Copper 
Co., show what remarkable performance can be secured on so small a 
gage. The specifications of these locomotives are: Piston diameter, 11 
in.; stroke, 16 in.; driving wheel, 30 in.; wheel base, 5 ft. 3 in.; length 
overall, 18 ft. 6 in. ; height overall, 10 ft. 9 in. ; weight as originally supplied, 

37.000 lb.; present weight, with cast-iron bumpers added back and front, 

40.000 lb.; tractive force, 7540 lb. These locomotives as originally 



Fig. 4. — 2(kroN locomotive on a 20-in. gage. 


supplied were coal burning but they were later converted to oil burners. 
These engines have large overhang,” see Fig. 4, but in spite of that 
fact derailments are rare. 

AH the earlier cars were of the “rocker” type, the body resting upon 
half cirdes of angle iron by which they could be dumped to either side. 
When underground mining began to exceed in importance the surface 
mining, the type of car was changed to that of the inverted V-bot- 
tom variety with dumping doors along both sides. These were of 3J^- 
ton capacity at first, but later were increased to 4J^, 5H finally 
to 10 tons. 

iNraODtJOTION OF ELECTRIC HaULAQE 

On main haulage levels, mules were generally used undergroimd, and 
in some cases still are. In 1905, the Arizona Copper Co. replaced mules 
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by electric locomotives on the surface and important levels of the Hum- 
bolt mine. The heavy grades on the surface roads of the company's 
property at Morenci were eliminated in 1906. The locomotives were 



furnished by the Jeffrey Manufacturing Co., the first type being a single 
6-ton unit, cast-iron frame with 220-volt motors. The driving wheels 
were of chilled cast iron; each 6-ton unit was equipped with two 15-hp. 
series motors and had a rated drawbar pull of 1500 lb. at 8 mi. per hour; 
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the brakes were hand operated. These motors, though now rather 
small, are still giving excellent satisfaction on surface after 16 years of 
continuous service. 

During the period from 1905 to 1913, the haulage of ore from the 
Humboldt mine, now the largest producer, to the concentrator at Morenci 
was performed entirely by electric motors and cars of 33^, and 53>^ 
tons capacity. Previous to 1913, the Coronado mine was quite isolated 
and the output was handled as follows: A shaft 700-ft. deep, the Matilda, 
connected the various working levels; through which the ore was hoisted 
in 1-ton cars to surface and diunped into bins. From these bins it was 
transferred to a baby-gage steam railway a mile long and delivered to the 
top of the Coronado incline, which was 3300 ft. long with 1100 ft. differ- 
ence in elevation between head and foot. Over this incline it was lowered 
and diimped into bins; another 20-in. gage steam train conveyed the ore 
to bins on the Coronado R.R. and from there it was hauled to Clifton, 
a distance of 7 mi., and delivered to a concentrator. 

Flans had been laid for changing all this and for coimecting the 
Coronado mine with the Humboldt transportation ^stem through an 
extension of the electric haulage. These plans called for (a) driving a 
3000-ft. tunnel from the Clay mine to daylight (in driving this 8- by 9-ft. 
heading, a speed of 799 ft. in 81 consecutive days was attained^); (5) 
driving an a^t tunnel 5000 ft. from surface into the Coronado mine; (c) 
connecting these two pieces of work by an outside track, skirting along 
the hill for 6600 ft.; and (d) sinking the Coronado shaft 400 ft. deeper to 
connect with this new level. Fig. 5 shows a section along the electric 
haulage road, which illustrates this piece of work. 

In solving this problem, the question of gage was again carefully 
considered; i. e., whether to continue the use of the present 20-in. system 
or to adopt the 36-in. gage. It was finally decided to develop the present 
20-in. S 3 rstem so as to procure as nearly as possible the same costs as 
with the 36-in. track and heavier equipment, for the following reasons; 

1. The entire haulage S 3 ^tem of the Humboldt mine was already 20- 
in., of which the extension would form but a part. The adoption of a 
different gage requiring either a three-rail system underground or the 
chang in g of the existing elaborate system including tmmels, tracks, 
chutes, and all accessories, involved an enormous installation cost. 

2. The difiSiculty of supporting ground in the case of such large 
openings as a 8-ft.-gage track would necessitate. 

Fig. 5 shows where the ore is mined and hoisted, also the location of 
the prindpal orebodies imder present consideration. Mining operations 
are carried on above the Humboldt second level and above its extension 
into the Coronado moimtain, called the 1100-ft. level. The Coronado 
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ore is transferred by electric havilage in 3J^-ton cars on the 700-ft. level 
to ore chutes which deliver it to the 10-ton haulage system. Similarly, 
a part of the Humboldt ore mined above the adit level is transferred on 
the adit level in 5j^-ton cars with electric motors and dumped to the 
main haulageway 260 ft. below. On the second level of the Humboldt, 
the ore is loaded from chutes, weighed on platform scales and dumped 
into two sets of pockets at the No. 6 hoisting shaft. The combined 
capacity of these pockets is 2300 tons. It is hoisted in 5-ton skips from 
a point in the shaft 80 ft. below the haulage level into a 1000-ton mill bin. 
The capacity of the concentrator is 4000 tons per day. 

Locomotives fob 300-ton Train 

The problem of building the most powerful locomotive for the 20-in. 
gage was then submitted to the makers, but their only suggestion was to 
change the tires from chilled iron to steel to increase the tractive effort 
or to couple two locomotives of two units each with two controls, requir- 
ing two operators and making a tractor 50 ft. long. This was not satis- 
factory, and finally our own electrician devised a means of coupling three 
imits. The three coupled units had a single control composed of two 
controllers placed one above the other and operated from the same lever 
which gave a tractor with an approximate drawbar puU of 10,000 lb. 
The wiring was brought out symmetrically to a terminal block and 
connected with jumpers so that the third unit could be quickly uncoupled. 

An oversize compressor was installed for the 10-ton haulage train, 
requiring a larger air receiver and a triple air vaive. On the third, or 
replaceable, unit the original controller and pantagraph was left to operate 
in ease of emergency. Locomotives supplied by the Jeffrey Manu- 
facturing Co. for this heavy service were equipped with driving motors 
increased in size from 16 to 30 hp., which is the largest motor that can be 
placed between the driving wheels. Steel-tired wheels were substituted 
for chilled-cast ones. The entire locomotive equipment, totaling 23 
sin^e units, has been furnished by the Jeffrey Manufacturing Co. 

The general specifications and dimensions of these triple-head loco- 
motives were as follows: 


18 tons 

Vote 250 

Number of motors 5 

Control ■ ceater 

Wheels TtimiIa 

Rated drawbar pull 9O00 lb. 

Starting drawbar pull 10,000 lb. 

Miles per hour at full load speed g 

^Rfaok gage 20 in. 

Overall width 5 
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Length of frame for each umt 11 ft. 3 in. 

Height oi frame above rai] 37 in. 

Height over cover 48 in. 

Maximum overall height above rail with trolley pole 

locked down 55 in. 

Wheel base 42 in. 

Diameter steel-tired wheels 26 in. 

Frame structural steel 

Trolley . diamond type 


Development of 10-ton Car 

The next step was to provide the largest car that could be operated 
on track of this gage. A 10-ton car supplied by the manufacturers could 



FlO. 6. — ONBJ-TON, 6>i-TON AND 10-TON CARS ON 20-IN. GAGE. 


not. be operated except on a perfectly straight track. The entire truck 
and draft rig was redesigned and rebuilt in our own shops, air brakes 
were added to one-half of the cars, and the other half were equipped with 
train pipes.. To nhow the relative size of this car, the following com- 


parisons are given (see also Fig. 6) : 

Capacity 

Wheels C. 1. diam 

Length inEdde 

Width 

Overall length 

Hei^t above rail 

Coupler hei^t 

Wheel base 

Underframe channds 

Thickness of body plates 

Journals 

Wei^t-empty 


SM-Ton 

6Ji-ToK 

IO-Ton 

66 ou. ft. 

110 cu. ft. 

200 cu. ft. 

24" 

24" 

24" 

8' 0" 

8'0" 

11' 6" 

4' 6" 

6' 6" 

6' 10" 

11' 4" 

11' 4" 

14' 6" 

4' 

6' 3" 

6' SH" 

26" 

26" 

17" 

4' 0" 

4'0" 

6'0" 

7" 

7" 

8" 

H" 

H" 


3H"X5H" 

SH"X7H" 

4K"X7K‘ 

66001b. 

70001b. 

97001b. 
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Cars are all steel construction and’ are of one general type; namely, 
gable bottomed, side dumping. In all cases the journal bearings are of 
M. C. B. type, outside the wheels, with suitable double-coil springs over 
the journal boxings. All cars have full length doors, each of which is 
swung by three or four hinges and held by a like number of catches or 
dogs on a through horizontal square rod. This in turn is operated by a 
hand lever at one end of the car, fastened by a slip link. All cars are 
provided with standard-design double-coil spring draft gear. Couplers 
on the 3H" SJ'^-ton cars axe of malleable cast iron, to take links and 
pins; on the 10-ton cars, M. C. B. standard automatic couplers of three- 
quarter size are used. The difference of 8 in. in the coupler heights 
between the 10-ton and the smaller cars, as given in the table, calls for 
special connecting bar. For the same reason, the locomotives are 
provided either with a special double-mouthed drawhead or with two 
sin^e drawheads, one placed immediatdy above the other. 

The 10-ton cars, as originally supplied, were equipped with Hyatt 
spiral roller bearings between the wheels. Boilers were 6 in. long and 
were used with a 3-in. diameter axle. "Wheels were ribbed sin^e-plate 
type, one tight and one loose. No springs were provided, the axle 
housings being bolted rigidly to the body chaimels. This general design 
proved unsatisfactory, and was changed at once to provide bearings 
outside of the wheels, as already noted. 

The sin^e-plate wheels were not strong enoi^ to stand up under the 
load, and the double-plate t3q)e was substituted. The latter wheel has 
proved entirely satisfactory. To take the wear of the follower plates in the 
draft gear of the 10-ton cars and to prevent the consequent failure of the 
8-in. body channds, }^-in. replaceable wearing plates of scrap material 
are now used. Hand brakes of regulation type are used on all surface 
cars, but underground no hand brakes are used. The air-brake equip- 
ment for one 10-ton car, as supplied by the Westinghouse Air Brake Co., 
consists of: 

1 Type D, 6- by S-in. brake cylinder 

1 Type D, auxiliary reservoir 

1 H. I. triple valve 

1 Belease valve complete 

1 Cut-out cock 

2 Self-locking angle cocks, 1 by 1}^, in. 

2 l}i- by M-in. bose with F. P. 4 couplings. 

Collector System 

All trolley wire over surface track is 00, figure eight, copper. On 
surface, this wire is maintained at a hei^t of 9 ft. and supported by 
standard flexible brackets and cross-span construction, as developed for 
similar traction qrstems. Underground, Section 36 of the Arizona State 
Mining Code provides that "electric trolley wires in all mines now (1912) 
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equipped with same shall be at least 6 }^ ft. above the floor. In all 
mines hereafter so equipped, at least 7 ft. above the floor.” Tunnel 
sections for both timbered and untimbered motor tunnels have been 
standardized since the passage of the above law and are shown in Figs. 
7 and 8. The height of the trolley in these sections is 7 ft. 5 in. and 7 ft. 
10 in. respectively. 

At first, the practice was to use rigid bam hangers, but it was found 
that occasional high peaks of ore bent the trolley wire upward on both 
sides of the hanger, and the resulting kiTik-a seriously interfered with the 
operation of the collectors, besides causing bad burning from the excessive 
sparking at those points. To meet these difficulties, flexible supports 



have been adopted. Several different types of these supports have been 
installed and tried out on the various underground roads, and two have 
been selected as best fitting our requirements. One is the straight-line 
suspension made by the General Electric Co., Form H, consisting of a 
straight-line hanger and trolley ear carried by a %6-in. guy wire, see 
Fig. 7. This support is used on straight trolley lines, where it gives 
excellent satisfaction. On curves, however, the center piece will shift 
and cause trouble, therefore a second, more expensive type is used for 
curves. This is a straight-line suspension with composition strain insu- 
lators carried in the same manner as the first one described, see Fig. 9. 

In ground where timbers are moving, the trolley wire difficulty is 
taken care of by frequently dead-ending both ways with the ends over- 
lapping for a distance of about 5 feet. 

All electric locomotives are provided with diamond or pantagraph 
type of collectors. A slide has been tried instead of the roller, but was 
discarded after a short trial because of increased trouble from panta- 
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graph breakage. This slide, mounted at the top of the pantagraph, 
consisted of a sheet base carrying two copper collecting strips on its top 
with a channel between to hold grease for lubrication. The type used 



now is shown in Fig. 10. This pantagraph is much more rigid than the 
first type used, and the roller rarely slips off the trolley wire. The first 
type consisted of four members or legs in a sin^e plane; with this con- 
struction, the wooden sticks are the weakest members, and if the panta- 
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graph catches on a trolley wire, these sticks are broken; they are designed 
to be easily and quickly replaced. 

Type D trolley frogs, made by the Ohio Brass Co., are now used. 
These are 23 in. long overall, 20°, with short cam tips. Homemade 
brass frogs, first used, have not proved satisfactory. To prevent stick 
breakage in the pantagraph due to frequent catching and ^'hanging up'' 
of the roller, guards have been found necessary between the branching 



Fig. 10. — ^Plan and elevations of pantagraph colusctob. 


trolley wires. These guards are about 4 ft. long, made of three iron pipes, 
^ in. in diameter, bolted to two iron bars, above, which in turn are 
held by clips on the two trolley wires. Instead of J^-in, pipe, 00 figure 
eight trolley wire has been tried for the guards, but has proved too flexible 
to stand up under hard usage. 

Tracks and Bonding 

All m a in haulage roads are laid with 504b. steel rails, bonded with 
4/0 compressed terminal bonds of flexible wire. Secondary haulage- 
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ways are laid with 35- or 25-lb. steel, bonded with 2/0 bonds of similar 
type. Temporary tracks are laid with 25-lb. steel and bonded either 
with channel pins and 2/0 solid annealed copper wire, or with removable 
flexible bonds with tapered steel pins. To facilitate inspection, all bonds 
are exposed, the holes for the terminals being placed outside of the 
splice plates, 29 in. apart, with the bond itself measuring 32 in. in length. 
These types of bonds are used because they can be installed by u n ski ll ed 
labor. In addition to the regular rail bonding, all tracks are crossbonded 
between the two rails. The haulage-track systems on the adit and second 
level are tied together, through the Humboldt shaft, by two 500,000-om. 
cables, and a second tie is to be installed through the Liverpool shaft. 
From these Humboldt shaft cables and the adit level track system, four 
return conductors of 4/0 bare copper wire go to the negative bus on the 
d.c. switchboard. All rails on the adit level, for several hundred feet 
in both directions from the point of taking off this return, are double 
bonded. At the Coronado adit, the return current is conducted in a 
sitnilftr manner, to the Coronado sub-station panel. 

Underground haulage tracks are laid with 6- by 8-in. ties, 4 ft, long, 
spaced 30-in. centers. On surface, the ties are also 6 by 8 in., spaced 
30 in., but are 5 ft. in length. Spikes 5 in. long are used throughout. 

(trades in the old parts of the mine, though somewhat variable, as a 
ixde are not over 0.5 per cent. The maximum for the old portion of the 
second levd haulageway is 0.9 per cent., which occurs just north of the 
Humboldt shaft for a distance of only 450 ft. In all tunnels driven 
dnce the adoption of the electric haulage, a grade of 0.4 per cent, in favor 
of the load has been maintained. Experience has shown that slightly 
less grade would more nearly equalize the drawbar pull for the loaded 
and empty trains. Curves of 100-ft. radius have been installed in all 
recent work, where it is possible to do so. For the 10-ton car haulage, 
the minimum curve has an 80-ft. radius, and for the 5}i-ton car haulage, 
a 40-ft. radius. 

For the 50-lb. rails, stiff bolted frogs are used with cast-iron spacing 
blocks. Thrae frogs are constructed of standard steel, except on the 
second levd haulageway, where a number of frogs with manganese steel 
inserts have been installed. The insert is a one-piece casting designed 
to give a full tread bearing over the area of maximum wear. The cost 
of these frogs was from two and a half to three times greater than that 
of the regular frog, but present indications are that they will be cheaper 
in the end. Frogs for the lighter rails are partly of the above type and 
partly those riveted on steel plates. 

Split switches are used very generally on the 60-lb. tracks, both surface 
and imderground, but stub switches are used around loading chutes 
and other points which are very difficult to keep dean. Stub switches 
are also used for the lifter rails. 
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The form of switch stand commonly used is an inexpensive one of 
the groimd-throw type, provided with either plain or weighted lever, 
which operates at right angles to the track. The weights are provided 
with a handle to facilitate the throwing. In recent years, stands with 
the throw parallel to the track have been tried out and are considered 
more satisfactory, as there is less liability to accident in operating them. 

Switch and Block Signals 

All underground track switches are provided with signal lights, which 
show the position of the switch. Green lights indicate that the main 
trunk line is dear; red, that the switch is set for some branch or siding 



off the main line. This is accomplished by means of a double-throw 
electric switch controlled by the track-switch operating mechanism, actuat- 
ing the negative side of the wires from the colored lamps which are con- 
nected to the trolley circuit. 

A block signal system has been devised and installed undergroimd 
and on the dangerous curves on the surface lines. This installation con- 
sists of a separate signal wire of No. 2 hard drawn copper, paralleling 
and 3 in. away from the trolley wire. When the locomotive is in the 
block, the 20-in. copper roller on the pantagraph bridges these two wires, 
impressiag trolley voltage on the signal wire and thereby lighting 25- 
watt, null-type lamps in semaphore lanterns at both ends of the block 
and on the curves. These lamps are all placed on the same side of the 
tunnel and on the same side as the switch lights. The lamps are con- 
nected to groimd. Bed and yellow lenses are used on the lanterns, which 
have two globes in parallel, thus insuring a signal even though one globe 
bums out. The accompanying diagrammatic sketdi, Fig. 11, shows 
the operation on a straight track, on a curve, and in a side drift. The 
lamps on curves can be seen from either direction. They are installed 
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for the benefit of men working in the tunnel, to notify them of an approach- 
ing train. In the side drift, a lamp shows the condition of the block on 
the straight track, and a lamp on the straight track near the entrance of 
the side drift shows the condition of the block in the side drift. Under- 
ground, the small secondary wire is independently supported by the s^e 
type of flexible hanger as is used for the trolley wire: on surface, it is 
supported from the trolley wire by a common clip on each of the two 
wires, the dips being fastened together with a composition ball insulator. 



Side Elevation Front Elevation 

Fig. 12. — ^Loading CHtmi roa 10-ton cabs. 

The block-signal system, as described, does not give absolute protec- 
tion, as it does not provide for detached cars or trucks left standing or 
moving within the block, but during ei^t years of operation, there has 
been no serious trouble due to these causes. This block system has the 
advantage of a very low cost of installation and a low upkeep charge. It 
can be attended to by a helper and does not need the service of an 
expert dectridan. 

Loadino Chutes 

An illustration of the standard loading chutes for the 10-ton cars is 
given in 1%. 12. This chute is designed to load one 10-ton car at a sin^ 



NOBMAN CAHMICHAEL AND JOHN KIDDIE 


845 


spotting. The two regular brakemen attached to the train operate the 
chute doors from the top of the platform. 

Source op Power 

Power for all of the various operations is generated at the power plant 
situated at the smelter in South Clifton. The installation consists of 
three 2000-kw. Curtiss type, 1800-r.p.m. steam turbines, direct con- 
nected to 2600-kv.-a., 6600-volt, three-phase, 60-cyele, General Electric 
generators, each of which is direct connected to three 417-kv.-a. 6600- to 
13,200-volt star connected auto transformers. Steam at 170-lb. gage and 
75° superheat is supplied by five Sterling boilers of 713 hp. fired by waste 
heat from two 22- by 100-ft. reverberatory furnaces, also three 713-hp. 
and three 384-hp. Sterling boilers, oil fired. Under normal operating 
conditions, an average of 4000 kw. electric power is required for smelting, 
concentrating, mining and miscellaneous company operations. Of this 
total, the average consumption for electric haulage at the mines, both 
surface and imdei^ound, is from 2 to 2.5 per cent., and the peak load 
for the haulage is about 5 per cent, of the powerhouse peak. 

High Tension Transmission 

Power is transmitted from central power plant to sub-stations at 
13,200 volts, three-phase, over two circuits of No. 2/0 B. & S.-gage stand- 
ard copper cable carried on “Tripartite” sted poles with pin insulators, to 
No. 6 min sub-station, a distance of 5 mi., and then over two circuits of 
No. 4 B. & S.-gage stranded copper cable in “Tripartite” steel poles to 
Coronado sub-station, a distance of 2^ miles. 

Svbstatims 

There are three sub-stations, located respectively at No. 6 concen- 
trator, at the Humboldt adit and at the Coronado adit. All power for 
No. 6 mill is passed throu^ the No. 6 sub-station, which, in addition, 
delivers all current for Longfellow division mining purposes at 2300 volts, 
three-phase, to the Hiunboldt adit sub-station, over a sin^e 250,000-cm. 
circuit. At this station are situated two large synchronous motor-driven 
air compressors and two 300-kw. rotary converters, one used at a time, 
which supply all direct current for haulage and other purposes. Similarly, 
at the Coronado adit sub-stations there are two smaller compressors, one 
driven by a synchronous motor and one by an induction motor, and two 
150-kw. rotary converters furnishing direct current for underground and 
surface haulage in the Coronado mining division. A 2300-volt surface 
line from this station to the Matilda shaft' hoist supplies a 150-kw. rotary 
converter, which in turn supplies power to operate the Matilda hoist, and 
for the Coronado mine. 
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Distribution of Power from Stib-staiion 

For reasons of economy and convenience of operating, the surface 
and underground roads are sectionalized or divided into separate units, 
depending on their location or on their duties, which may change on any 
of the three different shifts. In this waj' the current is cut off from any 
section in which the particular work of that section has been finish ed for 
the day. There are six of these sections at the Longfellow division and 
two at the Coronado. Each section is served by separate 250-volt 
feeder circuits direct from the sub-station. These lines are of 600,000- 
cm. triple-brsdd weatherproof cable, and each is provided with an 800- 
amp. circuit breaker and a 450-amp. watt-hour meter at the sub-station. 
In addition to the needs of the haulage system, there are numerous direct- 
current motors, lights, etc., in each section. 

The current to each section is generally tapped into the trolley lines 
at a point nearest the sub-station. In the case of some of the smaller 
sections, no additional feeding is needed, but in the larger ones the main 
feeder is extended to parallel the trolley line along the main haulage artery 
and the potential is kept up by tapping over to the trolley wire at intervals 
of from 350 to 750 ft., as best suits the particular loads and duties within 
the section. For example, the second level haulage of the Humboldt 
mine is connected up as follows: Two 600,000-cm. weatherproof cables 
are taken from the Humboldt adit down the Humboldt shaft to the 
second level. At the foot of the shaft they are connected through three 
switches into the three sections comprisiag this level. One main feeder 
of 500,000-cm. cable, from this point, parallels the main Humboldt, 
Clay and Coronado haulageway, from which taps are taken off the 
trolley wire at average intervals of 600 feet. 

A second example is that of the Coronado adit. This unit is served 
by a 760,000-om. circuit from the Coronado sub-station tapped to the 
trolley wire at the portal. From this point a 500,000-cm. feeder 6500 ft. 
long paraUdis the trolley line to the bottom of the Matilda shaft. A second 
feeder of 500,000 cm. from the Matilda shaft hoist house is strung down 
the shaft. As this shaft is very wet with strong copper water, the cable 
used has varnished cambric insulation, lead covered, steel wire armor and 
jute cover, all kept well painted. This feeder is 1300 ft. long and is 
tapped on the 700-ft. level for the transfer electric haulage and 50-hp. 
motor-driven ventilating fan, and is connected through a 600-amp. 
carbon break circuit breaker to the 1100-ft. adit level feeder. 

The surface roads at Coronado are paralleled by two 6600-ft. 4/0 bare 
feeders to the Queen adit, which is the junction point between the Coro- 
nado and Longfellow S 3 ^tems. At this point the two haulage S 3 rBtems are 
tied together throu^ a 300-amp. automatic reclosing circuit breaker, 
arranged to open automatically in case of trouble on either end, and to 
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remain open imtil the trouble is corrected. With this tie between 
feeders, a locomotive working in the neighborhood of the junction point 
gets the benefit of feeders from each direction, which results in materially 
improved voltage regulation. 

Under curtailment conditions, it has been possible with this device 
to shut down the Coronado adit sub-station and to operate the second- 
level haulage with the rotaries at the Humboldt and Matilda shafts, 
21,500 ft. apart. The voltage drop, though considerable xmder these 
conditions, is not sufi5cient to cause trouble in operating; the power loss 
is less than the station loss of the extra rotary, and there is an additional 
saving of the operating labor of one sub-station. 

Power Consumption and Losses 

The power consumption on the different portions of the haulage 
system varies widely, according to the conditions. On different sections 
of the surface and adit roads of the Longfellow division, the range is from 
0.44 to 2.23 kw.-hr. per wet ton-mile, and on the second level from 0.15 
to 0.20 kw.-hr. This large difference in power consumption is due to the 
fact that on the second level a large toimage is hauled with a compara- 
tively small amount of switching, empty hauling and miscellaneous 
work, while on the surface the tonnage himdled is comparatively small, 
with a relatively large amount of handling supplies, switching, running 
empty, etc. 

These consumption figures are based on the d.c. output from the 
sub-station, and include the distribution loss between converters and 
electric locomotives, which is 5 to 20 per cent, of the d.c. output, depend- 
ing on the distance of the locomotive from the sub-station. The trans- 
mission losses from the power plant to the rotary converter sub-stations, 
including step-down transformer losses, under normal loads are 5 to 
7 per cent. The sub-station losses of rotary converters and step-down 
transformers at Longfellow are 15 to 20 per cent.; at Coronado, 20 to 30 
per cent. These losses seem high, but are explained by the fact that 
they operate at an average of only about 25 per cent, of rating. The 
excess capacity is necessary for peaks, which are relatively high because 
of the comparatively few operating units. 

Time Studies 

Time studies are made periodically of the various operations con- 
nected with the haulage system. The circle shown in Fig. 13 gives the 
average results for a month of all operating labor connected with 
movements of second-level haulage trains. This chart diows the dis- 
tribution of time on a percentage basis, of the 10-ton haulage, as only 
10 per cent, of the total ore is hauled in other than 10-ton cars. Up to 
the time of this particular study, althou^ the figure for total cost of 
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train operation for the entire level was correct, the apportionment of 
this cost among the various mines was being made on an assumed basis. 
The percentages shown form the basis of a correct distribution of this 
total cost. Of the items shown, it is assumed that hauling is the only 
one that is a function of the distance; the items of loading, unloading, 
and weighing are functions of the tonnage; and the items of switching, 
miscellaneous and idle, are more nearly functions of the tonnage than of 
the distance, and have been so considered. Reducing the .average haul 
to 1 mi. instead of 1.07 mi., therefore, affects only the one item of hauling. 
The percentage time for hauling refigured on a 1-mi. basis is 23 per cent, 
instead of 24 per cent, as shown. On this basis, the following formulas 
were developed by J. R. Wester, the foreman of transportation, to appor- 



FiG. 13. — DISTRIBXJTION COVIBRINQ OMJBATIONS OF SECOND-LEVEL HAULAGE 
TRAINS FOB AVERAGE HAUL OF 1.07 MILES. 

tion the total cost of train operation for the varying lengths of haul from 
the principal mines: 

Cost per wet ton hauled — C [0.77 plus (0.23 X Distance)] 

Cost per wet ton-mile =* DStahce ^ Distance)] 

where C is a constant equal to the operating labor cost when the distance 
is 1 mi. These formulas are shown graphically in Fig. 14. 
i» The total haulage cost can be apportioned by the above formulas 
among the different chutes or mines located at varying distances from 
the hoisting shaft. The accuracy of the formulas has been proved by 
keeping a log of the train movements at the scale house near the No. 6 
shaft. The costs, apportioned on this ‘'log” basis, checked the same 
costs as figured by the formulas. In keeping this log, unaccounted-for 
time was apportioned out at the end of the month among the various 
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mines on the basis of total hours actually charged to that mine. The 
cost of train operation includes the labor of th^ train crew only. As this 
crew, comprising three men, loads, hauls and dumps the ore, this figure 
represents the cost of these three operations. 

Cost of Transporting with 300-ton Train 

The costs for the year 1921, prior to suspension of operations, are 
given below for the transportation of second-class otes from the various 
mines to the pockets at No. 6 shaft The costs include loading and 
dumping, and all expense incidental to haulage, except repairs to the 



Fig. 14. — Cost curves op train operation, second-level electric haulage. 


tunnels and loading chutes, which are considered as items of general 
mine expense rather than of transportation. 



HtnCBOLDT 

CimAY 

C0BO2riJ>O 

Average daily tonnage (dry) 

... 2,076 

302 

301 

Average haul in miles 

Cost per WeUton Mile 

0.63 

1.10 

4.21 

Operating train 

... 0.0181* 

0.0122* 

0.0046* 

General — including supervision 

... 0.0038 

0.0028 


Cleaning tracks and blasting chutes 

... 0.0048 

0.0062 

0.0036 

Track maintenance 

... 0.0067 

0.0069 

0.0089 

Trolley line maintenance 

... 0.0024 

0.0024 

0.0017 

Locomotive maintenance 

... 0.0032 

0.0033 

0.0027 

Car maintenance 

... 0.0060 

0.0051 

0.0041 

Block signal maintenance 

... 0.0008 

0.0008 

0.0007 

Power 

... 0.0067 

0.0069 

0.0078 

Now equipment 1 

... 


0.0001 


0.0616 

0.0466 

0.0341 


* These are the items which are referred to in Figs. 13 and 14. 
TOIk ixx. — 54 
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The average power consunaptioii for the entire second level, corre- 
sponding to these cost figures, was 0,20 kw.-hr. per wet ton-mile, measured 
at the outgoing meter at the sub-stations. The wages in effect during 
the period recorded were: 

Motormen $5.04 per shift 

Brakemen 3.80 per shift 

Train Operation and Performance 

The regular haulage train consists of thirty 10-ton cars with a '^triple- 
head’’ Jeffrey locomotive, see Fig. 15. It is operated by a crew of three 
men; one motonnan and two brakemen. This crew loads the train at 



Fig. 15. — 300-ton train on 20-in, gage, showing triple-head locomotive. 


the mine chutes; hauls and dumps the ore at the hoisting pockets. All 
ore is weighed on a Fairbanks-Morse track scale on the main haulage 
road, near the hoisting shaft. This scale has a platform 44 ft. long with 
a capacity of three cars. The weighing is done by a man who also samples 
the ore in the cars, the cost of which is not charged to the haulage. One 
miner is used, on the day shift only, for blasting "hung-up” chutes, and 
a spare brakeman is carried, on the day shift, who does the track clean- 
ing. A blacksmith and helper, on the day shift, make all the necessary 
car repairs, including those to air-brake equipment, and do the train 
oiling. One electrician and a helper are employed on the day shift, 
who do all locomotive repair work and oiling, all track bonding, block 
and switch signal repairing and upkeep of trolley lines. Track work is 
done by one head trackman with from one to three laborers. One 
transportation foreman is employed on the day shift. 

A locomotive is never operated continuously for more than 8 hr. 
The r unnin g speed of the train varies from 6 to “u. per hour. About 
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1800 tons per shift are hauled from the Humboldt mine with one train. 
Time studies give the following averages for the Humboldt mine: 


Time, Minutes 

To load thirty 10-ton cars at mine chutes 35 

To weigh thirty lO-ton cars at scales 7 

To dump thirty 10-ton cars at pockets 19 


’On a 0.4 per cent, down grade, the 30-car train, runmng at a speed 
of 7 mi. per hour, is stopped by the air brakes in from 20 to 22 seconds, 
in a distance of from 125 to 145 ft. The voltage drop is not excessive 
when starting the heavy loaded trains from rest. The average drop is 
only 22 volts, with a maximum of 32 volts. The average time taken by 
motormen to cut out all resistance, motors in full parallel, is 40 sec. 
and the total time of acceleration is 1 min. 45 sec. Arc masters were 
tried out on the control, but their use has been discontinued. 

Fatal Accidents Due To Electbic Shock 

From the installation of the electric haulage in 1906 to the present 
time, there have been four fatal accidents attributed to contact with 
either the trolley wire or a feeder wire. 

1. In 1908, a brakeman was killed at No, 26 chute on the Humboldt 
adit. After helping to load a train of 5J^-ton cars, he jumped down from 
the overhead loading platform upon the rear of the locomotive, instead 
of using the ladder provided for this purpose. In doing this, his neck 
came in contact with the trolley wire. His feet were wet and the shock 
was instantly fatal. 

2. In 1912, two muckers were shoveling up spill along the haulage 
tracks near No. 28 chute, Humboldt adit, behind a standing 6H-ton car. 
One of these men started to climb over the car to the opposite end and 
it was thought that his neck came in contact with a bare feeder wire. 
He fell forward against the edge of the car and sustained a blow over the 
heart. His death resulted. 

3. In 1914, while the shift was coming off at the Coronado mine, 
a mucker attempted to climb over the end of one of the cars of the train 
regularly used to haul the men out. The train was standing on a siding 
near the Matilda shaft and had not yet been switched into its regular 
place, where a switch cuts the current off the trolley Ime. His neck came 
in contact with the live wire and he was instantly killed. 

4. In 1916, while driving the Coronado adit heading, a mule driver, 
whose duty it was to haul 5}^-ton cars of waste, was found dead. There 
were no witnesses, but the Coroner's jtiry decided that he must have stood 
up on the drawhead and come in contact with the trolley wire. His 
feet were dry and no marks were found upon his body. 
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As more effective precautions have been taken and safety devices 
have been improved, the accident rate has been materially decreased. 
This is shown by the figures of comparative tonnages handled for the 
above four fatalities, as follows: 


Fatality No. 
1 
2 

3 

4 


Date 

Approximate Tons Handled 
BY Electbzo Haulage System 

1908 

3,100,000 

1912 

2,068,000 

1914 

1,032,000 

1915 

9,300,000 


Accident Phevention 

The underground haulage tunnels are well lighted. All switch and 
block-signal lights are kept on one side of the tunnel, and on the opposite 
side is installed a series of white lights. Each white light indicates a 
place of safety, into which a workman can step to allow a train to pass. 
These places are spaced about 100 ft. apart. Where possible, existing 
branch drifts are used but where these are not available special safety 
holes are constructed. The drifts in the nei^borhood of the safety 
places are whitewashed to afford all possible light. One white light in 
the back of the drift illuminates each frog and switch. This light is 
placed so that it cannot be seen from along the haulageway. 

The haulage drifts are kept clean to prevent dipping or falling. The 
open ends of frogs are £Qled with plank, for the same reason. Electric 
trolley wires are being gradually brou^t up to standard height, and bare 
feeder wires undei^ound have been entirely eliminated. The design 
of the loading chute has been improved, making it impossible to jump 
down upon the train from the overhead platform, and removing all 
reasonable possibility of accidental contact with the trolley wire. 

At all points wh^e men, timber, or supplies of any Idnd are loaded 
or unloaded, provision is made for cutting off the current in the trolley 
wire by means of necessary section insulators and single blade switches. 
When repair work is in progress on the haulage drifts, the trolley line is 
first “killed.” 

Electric bells and semaphore arms, operated by the block-signal 
system, are situated at the mine t unn el portals and at both ends of 
surface tunnels, to give warning of approaching trains. Solenoid crossing 
bells with 10-in. gongs are used; the semaphores are made by our own 
electrical department. 
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State Historian. 


Addendum 

Since the preparation of this article, the properties of the Arizona 
Copper Co. Ltd. have been merged with those of the Phelps Dodge Corpn. 
The merger was completed in December, 1921, and at the same time 
the Arizona & New Mexico R. R. was transferred to the El Paso & 
Southwestern system. 


DISCUSSION 

Norman Carmichael. — We realized the objections to the gable- 
bottom car, but were almost forced to its adoption by the same reasons 
that caused us to retain the 20-in. gage. To use another car would 
have meant a vast number of changes, for our transportation system was 
quite extensive; all mine chutes and ore bins were arranged for that car. 
Had we been la3dng out new works, many of our decisions would have 
been different. 

Member. — ^If you were planning it now, would you not put in box- 
bottom cars with a rotary dump? 

Norman Carmichael. — ^We surely would. One objection to the 
gable-bottom car is the spill. No matter how carefully the cars are kept 
up, there is always leakage and spill. The cost of keeping and main- 
taining the cars in a good state of repair, so as to keep that loss at a 
minimum, is not necessary for a box-bottom car. 

Charles Legrand, Dou^as, Ariz. — ^I am quite familiar with the 
system and believe the success of the 20-in. gage and the 10-ton car is 
mostly due to the good heavy track and the trolley construction used. 
From the statement on p. 838, some people might think that the roUer 
bearing is not a success; I think the trouble was that the oar had no 
springs. A correction of that statement might be fair to the user and 
maker of roller bearings. 

The paper has a most interesting study that is not usually carried out 
in the mining business — a time study on the running of trains. The 
importance of having the proper loading system in transportation 
is shown by the fact that loading at Idle chute takes 29 per cent, of the 
total time on a 1 mile haul. If the running time of the locomotive is only 
24 per cent, of the total time, possibly a storage-battery locomotive could 
be used to advantage. 

There is no statement as to the cost of installing the trolley system. 
Knowing such costs would help greatly in determining the merits of the 
storage-battery locomotives, as compared with trolley locomotives. 
The trolley has certain dangers in the mine, especially where a hi^ 
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voltage is used; for which reason, and because of the flexibility of the 
storage-batter^' sj'stem the costs of installing the troUey system would 
aid people trying to decide which system to use. 

B. B. Gottsbebger,* Xew Haven, Conn. — ^At the Calumet & Hecla, 
on the 5000-ft. level, they have installed one large haulage drift. All ore 
below that level is hauled to this one, up inclines along the vein, and there 
delivered to the shaft for hoisting. Storage-battery locomotives are 
used on all the actual stoping levels, but the troUey system has been 
adopted for the line on which aU the ore is collected together, so that they 
can run heavy cars and large trains. 

J^ORMAX Carmichael. — The storage-battery locomotive had not 
been developed to where it was able to compete with the troUey system 
when this troUey sj'stem was inaugurated in our mines. There, again, it 
was simply a case of extending a system then in use. 

It is only fair to the makers of roUer bearings to say that the faUure 
of the roUcr bearings was imdoubtedly due to the lack of springs on the 
first cars, which shows the diiEculty we encountered at the time. We 
wanted a car that would hold 10 tons and run on a 20-in. track, and we 
could not find it. We put the problem up to the manufacturers who had 
supplied all our cars up to the 6^-ton size and that was what they 
gave. It was a failure and we had to design and buUd the car ourselves. 

We also met the same difiGculty in connection with the locomotive. 
We asked the manufacturers to give us a locomotive that would be three 
times as powerful as the one unit they had suppUed. They had already 
put on the heaviest motors they could place between the wheels on a 
20-m. track. They could not, therefore, increase the power by increasing 
the size of the motor, nor could they design a control that would enable 
us to run a three-unit locomotive with one man, which we insisted upon. 
All they could suggest was to change the tires from chilled iron to steel 
to increase the tractive force. They sent us such a locomotive, but it 
was not powerful enough. Our electrician finally designed a control for 
a three-unit system, which enables us to operate a triple-headed locomo- 
tive with one engineer; we have been using this ever since. 

The weight and the solidity of the roadbed has been mentioned. We 
found that using heavy steel, heavy ties, and good construction cut down 
the loss of time through bad. tracks and the cost of ma.mt.n.iT'iT'j; 
bad tracks. 

We had one advantage, however. Our standard-gage. railroad, 70 
miles long, to Lordsbuig, had been laid originally with 5(Wb. steel rails. 
When they became too light for the standard-gage railway and had to be 
taken up, we used them on our electric haulage lines, both underground 
Mid on surface. To make the track as solid as possible we used 6 by 8 in. 

♦ Professor, Mining Engineering, Yale University. 
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ties (the same size we used on the main lines) and have found it paid to do 
so. The table, on p. 849, shows the effect of all the means taken to 
obtain satisfactory results. 

John Kiddie (written discussion). — Answering Mr. Le Grand’s 
query: the cost of installing a trolley system would differ somewhat, of 
course, under different conditions, but the following are considered 
representative here for the system described: 

Pbb Foot 
or Dript 


Trolley line (including supporting stuUs) 0.35 

Bonding 0.12 

Total 0.47 


In timbered sections where no supporting stuUs are required, deduct 
11 c. per ft. from the above costs, making a total of 36 c. per ft. In 
these figures, the cost of 2-0 Fig. 8 trolley wire is taken at 29 c. per lb., 
and 4-0 flexible bonds at $1.26 each. 
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The Ores in the Limestones at Bingham, Utah 

By N. IlrNT. Lo? Angeles, Caltf. 

N< w y iTh Mwtiag rehruary» 1924 J 

Binghaai has proiluceJ 6 per cent, of this country’s copper. 
In total production, it ranks fourth among the copper camps of North 
America, the onier being Butte, Michigan, Bisbee, and Bingham. In 
its annual production, it held that same rank until 1919, when its pro- 
duction was exceeded by the combined production of the Globe-Miami 
district of Arizona. 

Bingham has also been a lead camp of the first order. Utah ranks 
third among the lead-producing states, and its production comes largely 
from three camps which, in the order of their productivity, are: Bingham, 
Tintic, Park City. 

Bingham’s silver production is important, but it does not rank high 
as a silver producer. Utah owes its rank as first among the silver- 
producing states to Tintic, a camp 40 miles due south of Bingham. The 
United States Mineral Resources reports a total production from Bing- 
ham for the period 1865-1920 having a gross value of $528,043,432. 

Histobt of the Bingham District 

Bingham is on the eastern Sank of the Oquirrh range 30 miles south- 
west of Salt Lake City, from which it can be reached in an hour by auto, 
or by the Denver & ]^o Grande or the Bingham & Garfield railroads. 
The automobile route is a paved road across the floor of Great Salt 
Lake Valley, through farming country. 

The Bingham & Garfield railway leaves the level of Great Salt Lake at 
the northern end of the Oquirrh range, and in 20 miles it climbs 2100 ft., 
and deposits the traveler upon a shelf cut in the side of Bingham Canyon 
below most of the mines, which are farther up Bingham Canyon and 
its tributary Carr Fork. Below lies the town, a narrow ribbon running 
for a couple of miles along the bottom of a canyon 2000 ft. deep — an 
almost impossible site for a community numbering, in prosperous times, 
6000 to 7000 inhabitants drawn from all quarters of the i^obe. Up the 
canyon and down, and beneath the steep slopes nearby, and beneath 
the town itself, are the mining operations of over half a century. 

Durii^ the past two decades one mine, the Utah Copper, has become 
so gigantic an operation as to dominate all other activity in the camp. 
It has become the greatest copper mine on the continent in production, 
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dividends disbursed, and reserves. Ha’vong produced 90,000,000 tons 
of copper ore, removed 54,500,000 yd. of capping, and paid $123,000,000 
in dividends, its reser\"es exceed 350,000,000 tons of 1.3 per cent. ore. 
Its success and well-merited fame have made “Utah Copper” and 
“Bingham” almost s5Tion5’mous terms. 

But before quantity production by Utah Copper began in 1907, other 
mines of the district had made Bingham an important producer of copper 
ore. These mines still yield considerable copper and lead-silver ores. 
They are “underground” mines, in contrad^tinction to the open-pit 
operations of Utah Copper. Their ores are derived almost exclusively 
from limestone horizons, which, with interruptions by faults and intru- 
sive bodies, sweep across the entire district. The ores of Utah Copper 
and of two mines adjoining lie largely within the mass of a porphyritic 
intrusion, and will be referred to here as “porphjTy” ores, while those 
from without the intrusive areas will be described collectively as “non- 
porphyry” or “limestone” ores. It is to the non-porphyry or limestone 
ores that attention is here primarily directed. The economic importance 
of the porphyry ores is much greater and their mineralogy and alterations 
are interesting; but in many respects the structural and metamorphic 
phenomena attending the occurrence of the limestone ores make them 
of far broader geologic interest. An excellent published description of 
the porphyry ores is that by J. J. Beeson.^ 

Bingham’s history as a camp dates back to 1863. It seems that, 
unlike the more pastorsd-minded Mormon settlers in the Salt Lake VaUey, 
General Connor, commander of the third California Infantry stationed at 
Fort Douglas near Salt Lake City, took an active interest in the develop- 
ment of the mineral resources of the region; that he permitted his men to 
prospect the ranges bordering Great Salt Lake Valley; and that, in 1863, 
some of his soldiers together with a settler located the first mining claims 
in Utah on the outcrop of the Jordan Limestone in Galena Gulch, a 
tributary to Bingham Canyon. 

The first shipment of ore is reported to have been made by Walker 
Brothm:s (Salt Lake City) to Baltimore in 1868. A railroad was built 
up to Bingham in 1873, four years after the completion of the Union 
and the Central Pacific Railroads. 

Until 1897, Bingham’s production consisted largely of silver, lead, 
and gold in that order of importance, reaching a total value in these 
metals of about $39,000,000 and orJy $1,075,000 in copper. Then 
followed the development and successful exploitation of copper ores 
in a property that, hitherto, had been a struggling gold prospect — ^the 
Highland Boy mine. This new development, together with the stimulus 


1 Disseminated Copper Ores of Bingham Canyon, Utah. Trcaut. (1917) 54, 356. 
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to activity in other metals afforded by a drop in the price of silver, resulted 
in the discovery of other bodies of copper ore. 

In 1904, the Utah Copper Co.'s production began, and in 1907, 
1908, and 1909, respectively, the Tnilla of the Utah Copper, the Boston 
Consolidated, and the Ohio Copper companies were completed and the 
era of quantity copper production in Bingham began. 

A few 37ears later, Utah Copper purchased the Boston Consolidated 
property. After an attempt to mine its low-grade ore by caving methods, 
the Ohio Copper suspended operations. But Utah Copper successfully 
expanded its operations until, today, its normal production is 35,000 



RtQ. 1 . — Binohah Cawton, Utah Copkjib Hnx in cHNTas, town op Bingham 
BB iiOW, Bingham Canton on mift op Utah Coppidb Him, and Cabb Fobk on 
BIGHT. 

to 40,000 tons of ore per day. During the past year, the Ohio Copper 
Co. has been recovering, by leaching iq place, 600,000 to 700,000 lb. of 
copper per month from oxidation products (sulfates) formed in the fills 
and broken ore at and near the surface of its property. 

Bingham IdjNiNG District 

The Bingham, or West Mountain, mining district covers 10 sq. mi. 
upon the eastern slopes and spurs of the Oquirrh Bange. Deep dissec- 
tion by Carr Fork and Bingham Canyon has developed a local relief 
of about 3500 ft. Heading near each other upon the south side of the 
district, and looping about Utah Copper HOI, these canyons converge to a 
union on the north in the town of Bingham. This cmitral Utali 
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Copper Hill, compiisiDg practically the Utah Copper property, is a huge 
three-sided pyramid rising 2000 ft. above the point of junction of the two 
canyons at its base. This pyramidal mountain, its sides cut into giant 
terraces and hidden beneath mammoth fills, aU smoking and noisy 
with the industry of drills, steam shovels, waste and ore trains — confronts 
the visitor as he alights from the train, see Fig. 1. Contemplating that 
great pyramid, he may have to be reminded that upon all sides of it, 
beneath those slopes opposite it, are the “underground” mines that con- 
stituted the Bingham district as it was described by BoutweU,* in 1901, 
for the U. S. Geological Survey, mines which made it a camp of conse- 
quence while scrub oak and chaparral clothed the natural slopes of Utah 
Copper Hill. Today from these encircling mines come the non-porphyry 
ores of Bingham. Chief among these mines are those of ; The Utah Conso- 
lidated Mining Co., the Utah Apex Mining Co. the Utah Metal and Tunnel 
Co., the United States Mining, Befining and Smelting Co., the Montansr- 
Bingham Consolidated Mining Co., and the Bingham Mines Co. 

Gbologt, in Beibip 

In the district are some 10,000 ft. of quartzite within which is a 
stratigraphic sequence of about 2000 ft. containing numerous lenses of 
limestone, some locally measuring 300 to 400 ft. in thickness. These 
beds have been folded into an open syncline plunging gently northwest- 
ward. In an axial position within this structure, and predominantly 
along the stratigraphic zone of these limestones, there has been injected 
an irregular outspreading mass of intrusive, “monzonitic” material. 
Within or along these limestones for 2000 to 3000 ft. away from and on 
either side of the main mass of the intrusive, but especially dose to it 
and between its apophyrses; in fissures and marginal positions within the 
intrusive itself; and to a minor extent along fissures in quartzite in the 
vicinity of mineralized limestone “beddings,” are the copper and lead 
ores of the camp. 

The Quartzite 

Quartzite is the dominant rock in the northern half of the Oquirrh 
range and in the Bingham district. It is a light-colored, pure, fine- 
grained quartzite, which with little variation forms a sequence of beds 
many thousands of feet thick. This, without subdivision, has been 
called the “Bingham Quartzite” and, on paleontological evidences, 
been assigned to the Upper Carboniferous. Throughout the* northern 
end of the range, these quartzite beds have sujfiered moderate folding 
and faulting. As noted above, they have been warped into an open 
trough or synolinorium, whose axis strikes and plunges gently to the 


*Pro/. Poj3«r No. 38. 
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northwest, the average dip of the beds bdng about 35“ to the north 
and west, but dips of 90“ and even reverse dips are found. 

The quartzite has an important, but negative, relation to the ores. 
In general, ore is not found in quartzite. Portions of the Utah Copper 
disseminated orebody and of its extensions into Ohio Copper ground are 
in fractured quartzite situated adjacent to the intrusive mass in which 
lies most of the Utah Copper orebody. Shattered quartzite along fault 
or sharp stratigraphic contacts with limestone, or adjacent to mineralized 
fissures, especially in the northern end of the camp, has locally contained 
ore. But altogether or^ from such situations would constitute scarcely 
more than 2 or 3 per cent, of the camp’s production. Quartzite is com- 
monly regarded by the miner as unfavorable ground and is avoided 
in exploration work. 

The Limestones 

In the camp proper and west and north of it are many beds of lime- 
stone ranging in thickness from a few inches to 400 ft. These vary 



WaST SIDX OF DISTBICT. 

rapidly and greatly in thickness from place to place, being lenticular in 
form and extent. Bepresentiag only temporary, and more or less 
rh 3 d;hmical variations in the dominant process of sand deposition, they are 
truly integral parts of the thick Bingham quartzite formation. Within 
the gener^ region of the Oquirrh Range, these limestones are more or 
less local. But within the productive limits of the district, a few are 
sufficiently continuous to be regarded as definite horizons. Further- 
more, they have come to have so great an economic value and significance 
that they have been named and recognized as members of a definite 
stratigraphic succession. There are three principal horizons in this 
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succession, which, from the lowest upward and in the order of average 
thickness, mass, extent, and economic value, are; 

The Jordan or Highland Boy Limestone 

The Commercial or Yampa Limestone 

The Pamell-Petro or Mayflower-Portuna—Winnebago Series 



Fig. 3. — Soxtthwbst and cbntjeui pasts op distbict, showing slotting otrT 

OP LIMUSTONHS BY PORPHTBT INTETJSIONB, AND BBLATIONB OP HIGHLAND BOT AND 
YaMPA UaODSTONBS TO JOSDAN AND COMMBSOIAIj BHSPBCTIVBLY, ON OPPOSITB SIDBS 

OF Utah Coppbb Hill; coobdinatm intebtai^ 600 ur. 

The first two are noiassive strata commonly more than 200 ft. thick. 
The third consists of a series of thin limestones, each a few feet thick, 
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alternating with relatively thicker quartzite beds. These three horizons 
are separated from one another by 300 to 800 ft. of quartzite. Their 
relative thickness and position are shown in the vertical section of Fig. 2. 

Entering the district upon the west, these limestones sweep eastward 
through the properties of the Utah Metal and Tunnel Co., the Utah Con- 
solidated Mining Co., the Utah Apex Alining Co., and the Utah Copper 
Hill, the Utah Copper, and United States; then, swinging gradually to the 
northeast and north, they pass through the properties of the Bingham 
ihines, the Montana-Bingham, and other companies, see Fig. 3. Through- 
out, their course conforms with the synclinal structure of the camp but 
with interruptions by monzonite intrusives and, to a lesser extent, by 
faults. Occurring here and there between these principal beds of lime- 
stone and in the quartzite overlying and underlying them as a group 
are other limestones. These are limited in extent and, save where 
one may have yielded considerable ore, have received no names or 
consideration.® 

These limestone horizons have greatly influenced the distribution of 
the non-porphyiy ores. They are one of the two dominating factors con- 
trolling the distribution of Bingham ores; their influence seems to have 
been essentially physico-chemical in its nature. In their extensive replace- 
ment by ore minerals, they are in the strongest possible contrast to the 
more abimdant and apparently resistant and refractory quartzite with 
which they are intercalated. For hundreds of feet, even as much as a 
thousand in places, sometimes from foot wall to hanging wall, their whole 
mass, like a sponge, became permeated with ore minerals and alteration 
products. Although these limestone horizons constitute less than one- 
fifth, by volume, of the productive ground of the district, they have 
produced upwards of 95 per cent, of the non-porphyry ores of the camp. 

The Igneous Rocks 

The igneous rocks of the camp are intrusives. With minor exceptions, 
they are acid, being generally described as monzonite porphyry. 

They cover fully one quarter of the productive area. About half 
the bulk of Utah Copper Hill consists of porphyry, which is part of a 
much more extensive and highly irregular mass, the major dimensions of 
which approach parallelism with the regional strike and dip of the sedi- 
ments. From this sprawling central mass, in a small part of which 
occur the ores of Utah Copper, naany branches reach out into the sedi- 
ments, especially to the west and to the northeast, following the general 
course of the beds and rapidly decreasing in mass as the distance from 
the central porphyry areas increases. As these apophyses become smaller 
and extend farther from the parent mass, they tend toward strict paral- 

disiance stratigraphically beneath the Jordan limestone in the United 
States mine are two beds of limestone which have yielded very considerable ton- 
nages of lead ore. 
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lelism with the bedding. At distances from the center of the district, 
the intrusive masses are almost without exception sills. 

The porph 3 rry consists of varying proportions of orthoclase and 
plagioclase feldspar, biotite, hornblende, augite, quartz, and their 
metamorphio successors. Quartz is abundant in places, particularly 
in so-called “light” or “siliceous” phases of the porphyry, where 
much of it, however, is not a primary constituent. But to the eye 
quartz is often not an easily observed constituent, the rock appearing 
to consist of feldspar and the ferromagnesian minerals. The more pro- 
minent phenocryst minerals are feldspars. But in many phases, espe- 
cially in the finer grained ones, the phenocrysts are biotite. The texture 
varies from that of a fine felty mass, gray when fresh, gray-green to rusty 
brown when weathered, to a grain so coarse that the feldspars may aver- 
age ^ in. and attain 1 or 2 in. in length. 

A few occurrences of other igneous types have been found. In the 
Utah Apex and Utah Metals mines are thin siUs of dark basaltic type. 
At a point in the Utah Metals mine, material sampled and thought to 
be altered quartzite proved to be rhyolite. A small rhyolite dike appears 
also upon the 1300-ft. level of the Highland Boy mine. 

Age of the Porphyry 

Whether the intrusives are all of one age is not known. In a broad 
way, they probably are. In two widely separated areas and near the 
contacts of large porphyry masses are numerous, angular, and frequently 
sharp-edged inclusions of slightly differing textures and compositions. 
Quartzite fragments are also present in these contact breccias; Boutwell 
describes hornblende diorite fragments, a rock not found within the 
district. But these seem phenomena to be explained by the conditions 
and mechanics of intrusion; and are not necessarily evidence of two or 
more generations of porphyry distinctly separated in time. 

I believe that nowhere has a clear crossing or intersection of one 
intrusive by another been found. This negative fact, together with the 
general uniformity in composition and the structural continuity and unity 
of the porphyry areas — they are all connected and in general emerge 
from two large central masses — suggests one general period of intrusion. 

Time of Intrusion 

There is no means of fixing the time of the intrusion. We know only 
that it is post-Carboniferous, and probably earlier than andesite flows and 
ag^omerates found at the edge of the valley and foot of the range, which 
are so late as to occupy depressions in the present topography. The 
time relations of intrusion to regional folding are also indeterminate. 
The fact that the general attitude of the sedimentary rocks throughout 
the district, and even in small areas nearly surrounded by porphyry, is 
in strict accord with the ^fyndinal structure imposed on the whole area 
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ntmy indicate that intrusion was subsequent to the regional folding. But 
this IS a difficult matter on which to generalize. It is somewhat compli- 
^ted by the presence of local folds of »roUs,» which in their axial rela- 
tions are not always m agreement with those of the master synclinal 
structme. These are terrace-like irregularities that, on their plunge 
sometimes break into faults of moderate displacement. Though they 
may cause displacements of a few hundred feet, they are local features 
tMt pl^ out m directions paraUel to themselves and normal to the bed- 
essentiaUy features of the stratigraphic zone embracing 
toe thicker hmestone members and seldom affect the quartzite beds 
tagher m the series. In an interesting fashion, they disclose the great 
dmerence in competency between the limestone and the quartzite, in 



tlie quartzite 

^ are obviously 

^^'dts with which 
Therefore, because m such folds 

f t “ ^^y invalidate 

e suggestion that mtrusion occurred subsequent to the general folding. 

Rclahons of IrUrusives to Ores 

thp maffles have a most direct and controlling relation to 

renco nf ® ^ areal way and in the detailed occur- 

Z^mfbSeS^ P‘>rphyry masses antedate 

certain mmAMiA are the relations of geographic distribution and of 
certain mmeralogical zonal relations of the ores to the areas of the por- 
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phyry, that there can be no question of a genetic relation between them. 
The ores may be defiboitely ascribed to the agencies and sources related 
to and responsible for the porphyry itself; and, speaking of the region 
broadly, as incidents in that intrusive process they are localized in the 
vicinity of the porphyry. Furthermore, distance from the intrusive 
center is a factor determining not only the character of the alterations 
in the country rock but also the character of the ore. 

FauUs 

Although nximerous in the district as a whole, faults are not major 
structural features. Their displacements are usually less than 200 ft., 
they are of varying ages, some being pre-mineral, some post-mineral and 
some both. They may be conveniently divided into two general classes, 
cross faults” and '^strike” or bedding faults. 

Cross faults usually strike north or northeast and dip steeper than 
46°; a few, notably a large one, the Occidental, strike northwest. Some 
displace porphyry masses; others, such as the Ball fault in the Highland 
Boy mine, have been followed by dikes. Many cut through and displace 
intrusions and are post-porphyry as regards, at least, the last movement 
along them. In general, there have been repeated movements along 
cross faults. 

Strike or bedding faults strike with the sedimentary formations, 
and usually coincide with them also in dip. There are, affecting the 
Highland Boy limestone in the upper part of the Highland Boy mine, 
some faults, however, that strike with the beds, but dip more steeply. 
Bedding faults are common along foot-wall stratigraphic contacts of lime- 
stones. The term fault is used loosely, here, to include fissures containing 
only gouge material and lacking other evidence of actual displacement. 

Porphyry masses are rarely displaced along bedding faults, but fre- 
quently sills of porphyry lie in them, as in the case of those along the 
foot wall of the Yampa Limestone in the Highland Boy mine, and the 
Stoddard-Malloy bedding in the Utah Metals mine. It might be noted 
that if the adjustments represented by bedding faults are incident to 
the folding, as has been suggested and as some meager evidence relating 
to drag cleavage indicates, the presence of porphyry sills in bedding faults 
(sometimes sheared, sometimes not) suggests that folding was prior 
to the intrusion of the porphyry. In general, bedding faults are probably 
pre-porphyry and pre-mineral in age. 

Relations FauUs to Ores 

Ordinarily, the obvious relation of the cross faults to ores is that of 
post-mineral faults terminating and offsetting them, and in such cases 
of terminated orebodies, the displaced portions are usually only short 
distances away. If the orebody is large, 100 ft. or so in extent, measuring 
parallel to the plane of the fault, it is ordinarily not completely severed, 

yoit. XXX . — 66 
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its segments overlapping. But occasionally cross faults are mineralized 
or orebodies within the thicker limestones are so arranged with reference 
to them as to suggest that the fault as a relatively more pervious zone 
influenced the course of the mineralizing agents. 

Bedding and strike faults, however, are the site of many and extensive 
bodies of ore, which may lie vein-like, in or along their gages or may have 
extensions upward or downward into the mass of the limestone. 

In the upper part of the sedimentaries and more northern portions 
of the camp, namely, in Cottonwood, Dixon, and Markham gulches, thin 
sheets of mineralization locally containing small bodies of ore (usually 
lead ore) occur frequently along sharp stratigraphic contacts between 
thin limestone lenses and quartzite. Such are the deposits prospected 
and to a small extent mined along the I. X. L., McCann, Julian and Butler 
beddings in the Bingham and Eastern and Bingham Coalition properties. 

The Ores 

The first impression is that, of a general bunching of the ores near and 
upon both sides of the central prophyry mass of Utah Copper HiU. In 
.this respect one is reminded of a similar clustering of the orebodies in 
the limestones of Bisbee about the nuclear core of mineralized porphyry in 
Sacramento Hilt. However, in Bisbee a fault, which brings up siliceous, 
pre-Cambrian schists upon the one side of Sacramento HiU, confines 
the productive area to the 180® sector of limestone upon the other side 
of the fault and hiU. In Bingham, the ores come nearer to occupying 
the 360® of radial sweep about Utah Copper HiU. But, as in Bisbee, the 
ores are in limestone, which reaUy limits them to two large segments 
upon opposite sides of Utah Copper HiU with relatively improductive 
quartzite and porphyry segments in between on the northwest and south- 
west sides, respectively. 

The ores are within an area of relatively small radius about Utah 
Copper Hill. Proceedicg in any direction 2?^ mUes, one passes beyond 
aU known ore occurrences. The greatest distances are west and north- 
east along the strike of the limestones, whUe the lesser are north and south 
normal to their strike. But a circle less than a mUe in diameter with its 
center on the top of Utah Copper HiU would encompass the region from 
which has come probably 80 per cent, of the camp's non-porph 3 uy ore 
production and 96 per cent., or more, of the camp's total production. 
Such a circle includes the most productive portions of the Highland Boy, 
the Utah Apex, the Utah Metals, the old Tampa, the old Boston Consoli- 
dated or Sulphide, and the New England mines upon the west side of 
Utah Copper HiU, and the old Jordan, Commercial, Niagara, and Tele- 
graph mines upon the east, the last four comprising and being known 
coUectively as the U. S. Mine. Thou^ ores are found in considerable 
quantity beyond this circle, especially to the northwest in properties 
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now worked by the Bingham Mines Co., the great tonnages of the camp 
have been mined from within this limited area. The massing of the ores 
about the center of intrusive activity, and the tremendous increase in 
productivity as this center is approached, is assuredly significant of 
the potent influence of the porphyry. 

Relations to Type of Rock 

Ores are found in all formational types: quartzite, porphyry, and 
limestone. Occurrences in the dominant and most widespread rock, 
quartzite, however, are rare, relatively small, and, for the most part, 
sporadic deposits that are usually near, if not actually, selvage portions 
of larger bodies of ore in porph 3 ny or limestone. The disseminated ores 
of Utah Copper are the single example of profitably mined ores in the 
mass of the porphyry. And they are not ores in the same sense as the 
deposits worked in the underground mines. They are ores because of 
tonnage and extent, and would have no economic value if scattered through 
a considerable volume of ground in unit masses of a few thousand to 
a hundred thousand tons each. Small fissures in porphyry, such as those 
worked in the old New En^and mine, have yielded small tonnages, in the 
instance mentioned, of zincy-lead ore. Occasionally, a fissure in a con- 
tact situation between porphyry and sedimentary material may 3 deld 
high-grade ores, even where locally both walls are porphyny. Such 
is true of certain occurrences in the old Utah Metals and Bingham-New 
Haven mines, now owned by the Utah Metal and Tunnel Co. Low- 
grade ores in quartzite and porphyry were for a time worked by the 
Ohio Copper Mining Co. and have recently proved to be amenable to 
an interesting method of leaching in situ. But taken altogether, these 
and other non-limestone ore occurrences, except those of Utah Copper, 
are unimportant in comparison with the limestone ores. 

Non-porphyry Ore Confined to Limestones 

Practically, the entire production of non-porphyry ores is derived 
from the three principal limestone horizons already described. With 
remarkable precision, these horizons include within their sweep across 
the district those properties that have met with some success, and exclude 
the hopeless failures. Their extent determines and limits the region of 
productivity and of favorable prospecting ground. Their direction of 
dip is the direction of development and downward growth of the mines 
located upon them. Over half a century of continuous development 
and hundreds of miles of mine workings have established these relations 
as a principal fundamental to the conduct of explorations. 

In general, the relative productivily of these horizons happens to 
be proportional to average thickness. The following table includes 
totals up to 1919 for a definite area in the western half of the camp. 



868 


THB OBBS IN 1HS UMBSTONBS AT BINGHAH, UTAH 


Within the area of these calculations are the Highland Boy, the old 
Yampa, the Utah A.pex mines, and parts of adjacent properties. 


Tons 

Highland Boy Limestone 4,224,820 

Yampa (Parvenu) Limestone 2,367,400 

Parnell — ^Petro Series 748,250 


MASS OFTHE MOUNTAIN 

In Which 


YORK-PETRO 
LIMESTONE LODE- 
1,700,000 Tens 



ORE Ratio of Ore 
Produced to Formation 
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SQ 000 Tons 

A/one 
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Bjff 
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TOTAL lS9ZOOQOOOrom^1344,4SOTons 


PS 
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/ 
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LIMESTONE LODES S7G, 700.000 Tons 

LIMESTONE LODE ORE 7,S4<E4SO » 
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These same relations are shown in Fig. 6, which in addition contains 
mass ratios of ore to limestone and limestone to the quartsdte and por- 
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phyry present in the western portion of the camp. As much as 2.6 
per cent, of the total mass of the H i ghla nd Boy limestone within the area 
of the calculations was actually removed as ore. 

Distribution Within the Limestones 

The ores are most generously and widely distributed throu^out the 
thickness of these limestones and for great distances measiued outward 
along their strike from the central porphyry area, and from the surface 
to the greatest depth yet attained by workings, 2600 ft. vertically or 
5000 ft. on the dip of the limestones. Structural features, such as bed- 
ding, fissures, and dikes, have in some cases determined the local distri- 
bution of ores. In many other instances, these features seem to have 
had no influence whatsoever. Ores are abundant in both highly altered 
linxestone and in limestone practically unaltered; but are most abundant 
in the metamorphosed areas. The ores themselves vary in character 
with the degree of metamorphism. This relation between ts^pes of ore 
and distinct conditions of alteration is one of the most instructive and 
fascinating aspects of Bingham geology, and will be more fully considered 
later. 

Oxide Zone Poorly Devdoped: Ores Essentially Primary 

Though a distinct oxide and a secondarily enriched zone are present 
in the limestone areas, in comparison with many camps of the southwest 
and Mexico, they are not highly developed features and are, locally, so 
poorly developed as scarcely to be present at all. In the outcrops of 
the Jordan and Commercial limestones are minable bodies of copper 
carbonates and oxides. Similarly, the outcrops of the Yampa and 
Highland Boy limestones are stained with carbonates and much iron oxide; 
but in the latter, less than 50 ft. below the surface, occur only slighlly 
oxidized, pyritic ores. In many of the Highland Boy stopes nearest 
the STirface (100-300 ft.) were the highest grade copper ores of the mine; 
and only in the upper levels of the mine did chalcocite appear conspic- 
uously and from a quantitatively important ore mineral. In the upper 
workings of the old Boston Consolidated and Jordan mines, in the Jordan 
and Commercial limestones, were some oxidized copper ores. In fact, 
in the higher portions of these properties, I believe, is the best develop- 
ment of oxide ores in the camp. 

But the great bulk of the limestone ores have been 2 to 3 per cent, 
sulfide ores, whose copper is largely in chalcopyrite, and whose low gold 
and silver content is intimately associated with both the copper and the 
iron sulfides, pyrite being by far the most abundant and conspicuous 
ore mineral 

Lead ores near the surface are usually carbonates, but at a compara- 
tively few feet down galena appears and becomes the principal lead min- 
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eral. The many small lead veins of the old New England mine illustrate 
these relations. From many of the stopes upon the so-called Stoddard, 
Malloy, and Zelnora beddings in the western and higher portion of the 
Utah Metals mine came lead-carbonate ores with minor amounts of 
residual galena. A few stopes in the Boston Consolidated yielded 
lead-carbonate ores, but most of the lead-silver ores of the district are 
sulfide ores. With the galena ordinarily occurs some sphalerite; some- 
times the percentage of zinc present exceeds that of lead. 

With regard to the limestones, the distribution of what within this 
camp might be called areas of abundant oxide ores and the general absence 
of a well-developed, deep oxide zone here, where a desert climate, relief 
and presumably many of the same factors are present that in so many 
camps of the Southwest and Mexico have produced deep oxide-enrichment 
zones, is an interesting feature. It might be suggested that it is a condi- 
tion to be explained in part by the recent topographic history of Bingham. 

Bingham is in the Lake Bonneville basin, a region of peculiar and 
recent topographic and water-level change. It is a region of great blocks 
that, alternately, are: upstanding, deeply dissected ranges, and wide, 
deeply filled valleys. The changes in elevation, measurable in hundreds 
of feet, and even faulting of Lake Boimeville terraces, show it to be a 
region of recent and probably present ground movements deep-seated and 
regional in character. 

Bingham Canyon, Carr Pork, and their tributary gulches are deep, 
V-shaped trenches, the lower slopes of which range from 30® to 40®. 
Their bottoms are clean-swept, usually exposing bedrock. They are 
young down-cutting channels that, in times of freshet, sweep tremendous 
volumes of material out into Jordan v^ey. But here and there, some- 
times as much as 400 ft. above the bottom of the canyon, are remnants 
of conglomerate beds representing some past topographic period during 
which the present canyons were filled to a depth well above the elevation 
of most of the present orebodies. There has recently been a renewal of 
erosion and a rapid cleaning out and deepening of drainage lines. The 
principal areas of carbonate ores are situated at high elevations under 
divides in the uppermost reaches of these canyons and their tributaries. 
Whereas, lower down and beneath their main channels sulfide ores, with- 
out evidence of other than primary minerals, come to within a few feet 
of outcropping. The suggestion seems warranted that whatever oxide 
zone may have formerly been developed over the central and most 
productive portion of the limestones has now been removed by 
erosion operating, in this case, more n^idly than the agencies of oxidation 
and enrichment. 

It is interesting to note, in regard to oxidation and enrichment, that 
the case seems somewhat different in the porph3ny ores. Any vertical 
section through the, Utah Copper orebody shows au' oxidized superficial 
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zone, 50 to 150 ft. deep, carrying 0 to 0.8 per cent, copper. Below this 
zone, in both the Utah Copper and the Ohio Copper properties, a consider- 
able proportion of the minerals — and amost important proportion, making 
in these low-grade ores the difference between ore and waste — consists 
of specks and coatings of chalcocite, which is regarded as secondary to an 
earlier deposition of pyrite, chalcopyrite, bornite, and possibly, chalcocite. 
The enrichment of these porphyry ores, though a process of great econo- 
mic importance, from the point of view of the amount of material trans- 
ported in this case as compared with cases of thorough secondary action 
elsewhere, is probably a process of small effectiveness. But under any 
circumstances, no doubt, the acid porphyry facilitates the migration of 
values to a greater extent than do the limestones. In fact, the deeper 
development of the characteristics of oxide and secondarily enriched 
sulfide zones in the porphyry and their absence or paucity in the lower 
limestone areas may be a measure of the rapidity of erosion — erosion 
being, so to speak, a lap ahead of secondary concentration in the lower 
limestone areas and one behind in the porphyry areas. 

The Copper Ores 

In the detailed discussion of ores, the writer has the western half of 
the camp, with which he is somewhat better acquainted, more in mind 
than the eastern; but the differences between the eastern and western 
parts of the district are matters of degree more than of kind. 

The copper ores, apart from a few occurrences, seldom nm much above 
3 per cent.; and the production of one of the most successful of the mines, 
the Highland Boy, has for years averaged about 2.6 per cent, copper. 
The Highland Boy ores usually carry a little over a dollar in gold and silver, 
and at periods in the history of this mine have received a premium from 
the smelter for the excess iron present as pyrite. This mine, which has 
paid about $14,000,000 in dividends, is remarkable for the low grade of its 
ore notwithstanding the fact that its stopes must be methodically tim- 
bered, usually square-setted, are systematically filled, and reach to a 
considerable depth. Pumping has been necessary for many years; and 
for years the mine was situated mile up a steep canyon from the 
nearest railroad spur. Until 1921, the mine was without a mill, but it 
has enjoyed the benefit of cheap transportation to the International 
smelter at Tooele, to which its ores are conveyed by a 4-mile aerial 
tramway at a cost of 30 c. per ton. 

The Yampa, Boston Consolidated, and other properties have also 
produced large tonnages of low-grade pyritic copper ores. The Utah 
Apex mined some copper from its Parnell York-Petro beddings in its 
upper and older workmgs. From the properties of the United States 
Co. ahd oitiheri^ on the east side of the camp have pome large tonnages of 
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copper ores; in some of these properties remain partly developed areas 
of low-grade copper ore and mineralization. 

As copper ores go, the Bingham ores are of exceptionally low grade. 
In the great bulk of them, copper minerals are rarely seen without a 
lens. They are lost in a gangue consisting largely of pyrite, which 
sometimes constitutes over 75 per cent, of the mass of the ore. The 
gold and silver values are intimately associated with the sulfides, both 
copper and iron. But operations at the new Utah Consolidated mill, 
which treats daily 1000 to 1100 tons of ore coming from both the Yampa 
and Highland Boy limestones, show clearly that the greater part of the 
gold and silver occurs either in separate mineral form or in intimate 
association with the copper. At the mill, through differential flotation 
85 per cent, of the pyrite is dropped, yet 65 per cent, of the gold and silver 
is recovered. 

Copper Ores Largely Metasomatic Replacements in Altered Limestone 

These copper ores occm: t3^ica]ly in large irregular masses that are 
replacements of the limestone. Frequently every textural and structural 
feature of the limestone is preserved perfectly in the massive sulfides. 
Often the strike and the dip of the bedding may be as accurately observed 
in the middle of a massive orebody as in the laterals adjacent in unreplaced 
limestone. The greater dimensions of these orebodies, which often reach 
into hundreds of feet, usually Ue in the plane of the bedding. Faults 
and dikes may determine their form in detail, but such influence usually 
does not amoimt to that of an exclusive or sole localizing agent. These 
large replacement bodies are characteristic of the hi^y altered portions 
of limestone within 1500-2000 ft. of the central porphyry area. In their 
vicinity, the limestone may be so completely metamorphosed as to contain 
no lime carbonate at all, and to be composed of solid masses of high- 
temperature minerals, notably, garnet, wollastonite, and diopside. 
Tremolite, asbestos, and specularite are also common in these highly 
altered areas. As the limits of high-temperature effects are approached 
within these limestones, which in effect means as one proceeds westward 
or eastward along their strike away from the central porphyry area, first 
come lime silicate and crystalline carbonate phases; there are all transi- 
tional stages between pure silicate rocks and fairly pure marble. 
Proceeding farther outward along the beds, these white marbleized and sili- 
cated facies become more streaked with gray-to*black bands of unaltered 
limestone. The normal, unaltered limestone in Bin^am is dark gray 
to black mid stands in such strong contrast to the snow-white and delicate 
creamy tints of the altered material that the terms “white” atid “black” 
limestone are common among miners and engineers and are the first 
descriptive terms used in describing conditions existin g at any given 
prospecting face. Because the greater part of the ores, almost all of the 
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copper ores, are from out the “ white limestone, the two terms come near 
having the significance of ‘'good” and “bad.” 

A projection. Fig. 6, to a horizontal plane of the workings and condi- 
tions within the Highland Boy limestone (which is a bed 300 ft. thick 



Fig. 6. — Copper and mad stopbs nsr Highland Bot limestones, showing 

THEIR distribution RELATIVE TO ONE ANOTHER, THE PORPHYRY, AND AREAS OF WHITE 
(altered) and black (unaltered) limestone. 



Fig. 7, — ^Vertical section noriheast through copper replacement orbbodies 
in Highland Bot limestone, showing their confinement to that formation. 

dipping northerly throughout most of the area of this map at au angle 
of about shows the confinement of these large replacement orebodies 
to the “white” or altered limestone area. It also shows well the parallel- 
ism of this highly productive belt of “white][^lime” to the main mass of 
porph 3 Ty on the southeast. Within this area are several dikes that 
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extend far out between these orebodies and overlie many of them, which 
could not be more than partly indicated without too greatly complicating 
the map. It should be noticed that the lead stopes (marked Pb) within 
this area are in the outer ma rgi n of this belt of altered limestone or out 
in the large area of the “black” or unaltered limestone. Fig.7 isavertical 
section through the copper stopes shown in Fig. 6. 

Yein-like Copper Orebodies: Beddings 

Besides these large irregular deposits, within the mass of these 
limestones are vein-like bodies in or along fissures, bedding planes, and 
intrusive contacts. These are often massive sulfide bodies, consisting 
largely of p 3 rrite and of very little quartz or other gangue materials, and 
with copper largely in chaleopyrite, and a little gold and silver. These 
are not large, ordinarily, except in the case of bodies along the foot-wall 
bedding planes of some of the limestones, notably, the so-called Yampa 
“contact” or “foot-wall” orebodies, and those of the Parnell limestone in 
the Utah Apex mine, which are extensive shoot-like deposits of both 
copper and lead ores. These occurrences are known locally as bedding 
fissures, or “beddings,” a good descriptive term. 

In part, these are replacement ores. There is often scattering 
mineralization far out into the walls beyond the limit of minable ore, 
especially in the overl 3 dng limestone. These are sometimes extensions 
into the mass of the country rock, which themselves, at least, are replace- 
ments of pre-existing materials. In the main, these beddings represent 
the replacement of pre-existing fissure or fault filling, gouge, and breccias. 

But some of the heavier sulfide material, especially that developed 
during recent jeats, at depths of 2000 ft. and greater, in the Highland 
Boy, may be injections similar in origin and their manner of entry to thin 
porphyxitic intrusives, which themselves often occupy simitar sites, t. e., 
along bedding planes. Local sharp contacts between solid sulfide 
masses and slightly or unmineralized materials and the occasional frag- 
ments of quartzite and porphyry to be found embedded within and 
unreplaced by sulfides, seem to suggest such relations. Local bandings 
may also represent flow structure; but always such evidence is ambiguous 
as it may equally weU represent the perfect metasomatic replacement of a 
previously banded gouge or other material. This is a theoretical subject 
requiring most careful study; I am not prepared to discuss it here and wish 
only to suggest an origin that has often occurred to me, and which I am 
now the more emboldened to surest because of the advancement by Spurr, 
in his recent book “The Ore Magmas,” of the conception of “vein dikes,” 
a term that I believe will find a permanent place in the geologist’s tool kit, 
whatever disagreement there may be to some specific applications of it 
by Spurr. 
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The Lead Ores 

Lead ores, consisting of galena, pyrite, and widely varying proportions 
of sphalerite, minor quantities of copper and other metals, notably silver, 
often in the ratio of an ounce of silver to 2 per cent, of lead, have been 
found in all types of rock and in all parts of the productive area. Many 
fissures in porphyry in the New England and Last Chance mines carried 
6 to 18 in. of banded lead-zinc and zinc-lead ores. Bedding fissures, 
especially along quartzite-limestone stratigraphic contacts, on both the 
east and the west side of the camp, have produced much lead ore. Stopes 



Fio. 8 . — ^Pbincepal woBKiNas and btopbs in Yampa limhbtonb pbojbctbd to 

A BOBIZONTAD PLANS, SHOWING DIBTBIBUTION OF LBAD AND OOPPBB OBBB IN THAT 
LIHBSTON]) TO MAIN MASS OF POBPHTBT, AND TO ABBAS OF WHUB (aHTBHBD) AND 
BLACK (uNALTBBBD) LIMBSTONB. 

within the mass of the Parnell and Yampa limestones within the Utah 
Apex mine have yielded lead ores, which have constituted the bulk of 
that mine’s production. 

In the old Yampa mine, and western portions of the Highland Boy 
mine (in the Hijghland Boy Limestone), are large square-set stopes that 
yielded miUibns of dollars worth of lead-silver ores. The Utah Metals 
and the old Boston Consolidated mine in Utah Copper Hill produced 
a large tonnage of lead ore, as have also many of ihe properties on the 
east side of the district, which are now consolidated and underthe manage- 
ment of the United States Mining and the Bin^am Mines companiea 
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The United States mines have for years been among the great lead pro- 
ducers of the state. 

The general form and situation of the lead orebodies is not greatly 
different from those of copper; but there is a marked difference in 
their geographic distribution, as was pointed out with reference to Fig. 6. 
There, the line AB marks the change from white to black limestone 
and the line A'B' separates two areas within the limestone in one of which 
occurs 95 per cent, of the copper ores thus far mined and in the other 
nearly as high a percentage of the lead ores. The general parallelism of 
these limes to that of the porphyry contact is striking. 

Similarly, in the Yampa limestone, which lies some 300-400 ft. directly 
above the Highland Boy (see Fig. 2) is an areal segregation of lead and 
copper ores. In Fig. 8, which shows the stopes and workings of the 
Utah Apex and Highland Boy mines within the Yampa limestone, the 
line AB definitely separates an area of predominantly lead ore from one of 
copper. Here, also, this lime is approximately that between the areas of 
white and black limestone and is rudely parallel with the contact of the 
main porphyry mass. It should be also noted that the line of change 
from white to black limestone is nowhere far distant from most of the lead 
orebodies on whichever side of it they may lie. 

There is here, I believe, a relation, of broad significance and one throw- 
ing unusual light on the processes of ore deposition. 

Zonal RelaUons of Copper and Lead Ores 

In the distribution of the lead ores with reference both to those of 
copper and to the porphyry areas, there is a striking and almost graphic 
ffltuation. In the center of the productive area is this sprawling intrusive 
reaching out with long tapering fingers, 1000 to 2000 ft. through these 
limestones and quartzites. In the limestones, between these fingers, and 
clustering close about the larger and parent mass of porphyry are the large 
copper orebodies, which become less numerous and less extensive the farther 
one proceeds ladiaQy from this central mass of porphyry. But as one 
approadies a fairly definite zone 1500 to 2000 ft. from the porphyry, 
measuring horizontally along the strike of the limestones (or a somewhat 
greater distance in any inclined or vertical direction), sman bodies of lead 
ore begin to appear, first, intermin^ed with copper ore (the same stope 
producing both copper and lead ore) and, then, lead ore free of all but 
mere traces of copper. Such a progressive change horizontally along the 
strike of the beds and normal to the porphyry contact is not a matter of a 
single development on a single level. On level after level, the old Nos. 4, 
5, 6, 7 tunnel levels, and on the 9, 13, 14, 16, and 18 levels of the Highland 
Boy, the same succession of changes can be traced. These are develop- 
ments within the Highland Boy limestone. The HannA change, proceeding 
east to west, occurs in the ores of the overlying limestone, the Yampa, 
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mined in both the Utah Apex and portions of the Highland Boy mines; 
and again in the stiU higher horizon, the Parnell bedding, mined in the 
upper workings of the Utah Apex, see Fig. 2. 

LeadviUe Oreiodies 

Out some distance, but within the area of black limestone and shown 
on Fig. 6, are a group of orebodies known as the “LeadviUe country.” 
They are a dortheast-southwest chain of orebodies about 2500 ft. long 
extending from the elevation of the Highland Boy 1000-ft. level down 
to the 1800-ft. level. They lie within the Highland Boy limestone, along 
a peculiarly deformed zone, in which the quartzites overlying and tmder- 
lying the Highland Boy and Yampa limestone formations respectively 
have been faulted; but the limestones have accompli^ed the same adjust* 
ment in part by folding and with little breaking. As far as the limestone 
is concerned, the structure may be aptly described as a “fault fold.” 

This group of lead ores is not so far from either porphyry or white 
limestone as it appears to be on Fig. 6; on the lower levels, wUte limestone 
and some porphyry dikes appear beneath the lower or northeastern end 
of these orebodies. As these lead ores were foUowed downward into 
this lower area of altered limestone, some copper ores were foimd, which 
persisted in varying proportions to below the 1600-ft. level. 

East Side of the District 

Similarly, on the eastern side of the camp, the great copper replace* 
ment orebodies are in the mass of limestones abutting and cut by offshoots 
of the porphyry of Utah Copper Hill; lead ores occur here also. Farther 
to the northeast and north, outward along the coiu^e of these limestones, 
in the Brooklin, Yosemite, and other of the Bingham mines group of 
properties, both lead and copper ores have been mined, but the outermost 
bodies on the borders of the productive area are lead ores. 

Of course, it must be understood that in speaking of two types of 
or^, copper and lead, there is a conunercial element in the distinction 
which sometimes is more important than the mineralogical differences 
present. Occasionally ores wO carry considerable of both lead and copper; 
the rating of the ore as the one type or the other may then be determined 
by the treatment accorded it at the smelter, and it is classed as the one 
or the other according to whichever rating brings the best return under 
existing smelter contracts. But usuaUy the segregation of the lead and 
copper is such as to produce ores distinctively of one type or the other. 
Sometimes, however, the intermingling within one stope of two even 
distinct types is such that they are difficultly separated in mining. The 
lead ore may wedge in along the foot wall or hanging wall of the copper 
ore or it may form interpenetrating bands through it, along the bedding, 
or, perhaps, a fissure. But even here, where separatipn in mining may 
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be diflBlcult, the segregation of the two types is usually distinct, so that 
one may taie good-sized specimens of each, the galena-sphalerite and the 
pyritic-copper ore, respectively. In polished sections, relations are some- 
times apparent that clearly indicate that the galena is later than the 
chalcopyrite and some of the pyrite. 

These matters of the paragenesis, segregated occurrence, and zonal 
distribution of the ores tell a clear consistent story of the outward 
travel of the metal-burdened mineralizers and of their dropping 
first their copper and then their lead and zinc. In addition, and like 
an independent and supporting line of evidence, are the concomitant 
changes in the character of the country rock, stages in the alteration of 
the limestone. 

Metamorphism op the Limestone 
CharacUr of the Fresh, XJnaMered Limestmes 

Something has already been said of the black and white, i, e., the 
fresh and the altered phases of the limestone. The former, on the sur- 
face, is a blue gray, pitted, faintly banded, and otherwise like the normal 
blue limestone common in Carboniferous horizons of the Southwest; 
underground it is often black as coal. In composition, these beds, on 
the western side of the camp, contaia 1&-98 per cent, lime-carbonate, 
and 0-85 per cent, quartz in the form of sand grains. In somewhat 
metamorphosed areas, the proportions of these materials are reduced by 
vaiying amounts of a third constituent, lime-silicate material. The 
magnesia content is very low; clay is almost entirely absent. 

So pure are the prevailing quartzites of the region that in Bin gham 
much material goes by the name of limestone that contains 20 per cent, 
or less of lime, the remainder being quartz sand. In these quartzites, 
the presence of 10 per cent., of lime carbonate is evident to the eye in a 
rock, which is less well cemented, more friable, more easily weathered, 
and which, perhaps, sustams a struggling reef of vegetation; whereas, 
the pure quartzites above and below the calcareous bed make bare slopes 
strewn with the fine, angular debris of weathering. It can be scratched 
with a pick point, wherefore, in the phrase of the camp, it is “limy.” 
Gradations from limestone to quartzite are common and often abrupt 
in directions both normal and puallel to the bedding. Such transitions 
may be from a veiy pure type of the one to an equally pure phase of 
the other. 

LivmUmes not SiUcified 

Unexpected, rapid, and seemin^y erratic transitions from limestone to 
quartzite sometimes puzzled and baffled the miner in hip attempt to follow 
“good lime.” He was perhaps somewhat blinded by a preconception of 
beds of differing character and bedding planes as being parallel , never 
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ending and never meeting. At least, 
there arose a belief in the silicification 
of the limestones (the quartzites them- 
selves are very fine-grained), a belief 
that has often been a convenient 
explanation for unexpected “siliceous” 
material and the sudden disappear- 
ance of “good lime.” 

But out of some 1200 thin sections 
from samples taken by Prof. A. N. 
Winchell and myself within the most 
productive and most highly mineral- 
ized and altered portion of the High- 
land Boy and Yampa Limestones, 
perhaps a half dozen were found, by 
Professor Winchell, to be to any con- 
siderable extent silicified. Many were 
‘‘silicated;” in many, lime-^cate 
minerals were abimdant; but there 
was no wholesalereplacement bysilica. 

In most cases where, to the eye, the 
classification of the rock as quartzite 
or limestone seemed difficult, the rock 
appearing smooth, hard and siliceous, 
a sufficient content of original quartz 
in the form of sand grains was found 
to justify its resemblance to and 
classification as quartzite. On the 
other hand, the ' lime-silicate rocks 
are ordinarily easily recognized once 
their acquaintance is made; and in 
Bingham the presence of abundant 
lime-silicate minerals usually denotes 
a considerable original lime content. 

SUicoMon of Limestones 

The dear effect of intrusion on the 
limestones in Bingham has been their 
conversion en masse into silicate min- 
erals, chiefly wollastonite, diopside, 
both brown and li^t-colored garnets. 

Other silicate minerals, induding 
serpentine, actinoUte, t.oumialme, 
chlorite, and a peculiar lime silicate, 
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Fig. 9. — GENuiuiiizBD vebticaii section northwest through central portion of district; section A^A shown in Fig. 
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provisionally called “Racewinite” by Professor Winchell, are found j 
but woUastonite, diopside and garnet are quantitatively by far the 
most important. These non-magnesium-bearing silicates reflect, in an 
interesting manner, the non-magnesian character of the limestones. 

The net result of alteration has been the development of these lime 
silicate or white limestone areas, which extend 2000 to 3000 ft. from 
the central porphyry mass. This white limestone belt may properly 
be called the zone of contact alteration. It is not homogeneous in either 
its minferaJogy or physical character. Just as the ores change in character 
so does the nature of the limestone alterations change as the distance 
from the larger prophyry area increases. 

There are three distinct types of altered limestone: 

1. Masses of limestone abutting the main mass of the porphyry or 
adjacent to larger apophyses, notably on the Highland Boy 800-ft., 
1400-ft., 2000-ft. levels, are often converted into garnet, with wMch occur 
minor amormts of other silicates, including asbestos, serpentine, and 
tremolite; often, pyrite and specularite are abundant. Locally these 
areas are saturated with disseminated sulflde mineralization and become 
minable as ore. In the Highland Boy Limestone, many lai^ bodies of 
copper ore occur in such gametized and P 3 rritized limestone. Such 
material is sometimes sandy in texture, soft, easily picked, and runs; 
but much of the gametiferous material is hard and resistant. 

2. In the outer half or two thirds of the white limestone zone are 
found large areas consisting almost wholly of diopside and woUastonite, 
forming a fine-textured rock, usually snowy white, and often homy and 
translucent in thin chips, which is most tough and resistant both to drill 
and pick. 

3. In many places within the alteration belt, little more than recrystalU- 
zation of the limestone has occurred, the black color 'being lost, and a 
soft white marble resulting. Possibly, simply marmoiization is more 
common in the outer part of the alteration zone but I am not sure that 
such a generalization is justified. 

In the outer margin of the white-limestone areas some details are 
interesting, and probablyrignificant of the manner in which these changes 
are effected. Fissures, fractures, and bedding planes seem to facilitate 
alteration. For in this outer margin where the black limestone meets 
the white, are rocks beautifuUy banded, black and snow white, the bands, 
each one or more inches wide, foUowing the bedding; frequently, white 
bands are connected along a cross-fracture or joint. Ribbons of white 
altered material may Often be seen foUowing prominent bedding planes. 
Sometimes distinct layers or streaks of garnet cut through 
areas or material containing woUastonite, diopside, and nmn.l1 amounts 
of other aUicates. Narrow brardering zones of white, silicated lime- 
stone foUow alongside dikes far into areas of black limestone. In 
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other words, the distribution of the white or altered material is often, 
in detail, precisely that which would be expected were these alterations 
largely the work of solutions or other agencies working along through 
the phjrsical openings and lines of least resistance within the limestone. 

Relation of the Limestone Alterations to the Orbs 

These alterations are independent of the ores, although they are 
unmistakably related in a broad way to the ore-forming processes. The 
limestone alterations are far more extensive areally and have been far 
more thorough and complete than has been the metalliferous mineraliza- 
tion. But the linear reach of the ores exceeds that of the alterations. 
In the “LeadvOle ” country, lead ores occur 1200 ft. out in black limestone 
.beyond the known white limestone. In the Utah Apex mine, lead 
orebodies penetrate considerable distances into the black limestone. On 
the eastern side of the camp, in the Bingham mines properties, much ore 
has been found along and within black limestones far beyond the range 
of the white-limestone zone in which occur most of the ores of the United 
States mines. On the north, in the region of Markham and Freeman 
Gulches, in the quartzite area north of and overlying the limestones, 
are small occurrences of both lead and copper ores in gray to black 
limestone beddings. 

Although the mineraJizmg and metamorphosing processes operated 
within about the same areas, the latter reached out farther and spread 
back into the porphyry itself; but both, by their distribution, clearly 
point to the porphyry area as the locus of their origin and cause. In 
this, they are at least related in being probably more or less contemporary 
phases of a single intrusive process. The varying types of alterations 
and of ores presumably represent reactions determined more by condi- 
tions and place than by time. 

From porphyry outward are: (a) copper, (6) mixed lead and copper, 
and (c) lead and lead-zinc ores; and (o) gamet-pyrite-specularite-tremo- 
lite-asbestos bearing, and (b) diopside-wollastonite and, to a lesser 
extent, garnet and other silicate-bearing rock and marbelized hmestone; 
and (c) the black, unaltered limestone. In each, the limestone 
alterations and the ores are very likely recorded, a progressive change 
in a radial direction in the conditions surrounding the active intrusive, 
a change, presumably, toward lower temperatures and pressures. The 
fact of some such gmieral change is unusually clear; on the western side 
of the district it is almost diagrammatic. 

But that these several types of product and reaction are not rigidly 
distinct nor were long separated in time; or that the conditions producing 
them did not at any given poiat obtain long without change, seems to be 
clearly indicated by the fact that there are so many exceptions and 

voXi. lixx. — 56 
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complications of the one type by another. Freakish nests, streaks, 
fissures containing galena and sphalerite and even sizable bodies of lead 
ore, are found even in the large copper replacement orebodies in the highly 
silicated areas near the porphyry. Sheets of massive lead and zinc 
sulfides occupy fissures within the porphyry. These in-lying occurrences 
of lead ores are, no doubt, correctly interpreted as broadly representing 
the back sweep during the closing stages of mineralization and intrusion 
of the marginal, lead-depositing conditions. Details of the paragenesis 
of the lead and copper minerals indicating the lead to be later seem to 
support this view. But in so far as these ores are the work of solutions 
serving as carriers, at any point at any time, either lead or copper ores 
would seem to have been potentially poraible, if momentarily the proper 
conditions govemii^ deposition of the one or the other metal were present. 
It is only an assumption that any such intrusive movement as this is a 
process that steadily approaches a climax of intensity and activity and 
then as uniformly subsides. It may as easily reach its climax through a 
series of spasmodic eruptions, and its subsidence may be interrupted by 
sporadic renewals of mineralizing, or even, intrusive activity, local perhaps, 
as regards the district as a whole. I know of no clear case of copper ore 
cutting lead ores in such a fashion as to indicate it to be younger; but 
think such an occurrence would be quite possible though rare. 

Of course, in so far as these ores represent differentiation and 
segregation of materials at depth in the magmatic reservoir itself, whence 
they presumably come, the character of the ore (z. e., lead or copper) may 
then reflect a definite stage in the intrusive process as a whole. But the 
differentiation seems more clearly to have occurred during transit; and to 
be, in effect, the reaction of the mineralizing agents to environmental 
changes as of temperature, pressures and materials. In no other way 
does it seem possible at once to explain their zonal distribution, their 
transitions within a continuous orebody from one t3rpe to the other, 
and their definite relation to the line marking the limit of metamorphic 
alteration m the limestone. 

By way of summarizing some of these matters, it may be said that 
an almost diagrammatic situation in Bingham suggests the follow- 
ing theoretical conceptions and inferences: 

1. The geographic distribution of the ores shows them to be, in some 
way, rdlated to the monzonite intrusion. 

2. The change from copper to lead ore in directions radial to the main 
and central porphyry area also evidences a genetic relating to the 
porphyry, and suggests a certain continuity and unity in the ore-forming 
process, whatever its nature. 

3. The localization of lead ores in the vicinity of and beyond, and the 
restriction of copper ores within a definite line marTring the lirnit of the 
white, or altered limestone, indicates the formation of the ores and altera- 
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tion of the limestone to be the work either of the same process or of more 
or less contemporary processes effected alike by conditions of temperature 
and pressure surrounding the intrusive. 

4. The ore-forming processes had the greater scope in distance and 
probably in time, as they penetrated into unaltered areas of limestone and 
swept back into the porphyry itself. 

5. The metasomatic character of the replacement of the limestone by 
copper ores and the detailed relations to bedding and fractures of the lime- 
stone alterations suggest the work of pervasive agents, such as solutions 
and gases. 

These inferences lead to the following principles of mining and 
prospecting in the district: 

1 . Most of the ores occur within 2000 or 2500 ft. of the larger and central 
masses of porphyry. Beyond these limits, the greater the distance from 
these masses of porphyry, the poorer are the chances of finding ore. 

2. Within the productive limits and outside of the porphyry area, the 
ores are confined within the mass of the thicker limestone formations, and 
to several thin overlying and underl 3 ring limestone beddings. 

3. Fissures normal to the strike of the bedding may contain ore in the 
vicinity of limestone beds, but rarely elsewhere. 

4. Copper ores are largely confeed to white limestone areas nearer 
the porphyry; while outlsdng orebodies in black limestone are usually 
lead ores. 
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Petrographic Studies of Limestone Alterations at Bingham 

Bt a. N- WmCHELL,* Madisoit, Wis. 

(New York Meeting, February, 1924) 

In connection with law suits between mining companies at Bingham, 
Utah, a few years the writer made petrographic studies of more than 
1400 rock and mineral samples in thin sections, and also careful studies of 
their field relations. 

In petrographic studies, even when an area is studied intensively, 
attention is commonly centered very largely on the unusual features of 
special interest, so that the relative abundance of rock types (or minerals 
or textures) can only be determined by a study of map areas outlined 
largely by field methods, and cannot be based directly on microscopic 
work. It is very uncommon, and usually impossible, to take samples at 
regular short intervals along and acrossformations. It is precisely because 
such methods were used at Bingham that the work presents a rare 
opportunity for determining, on a microscopic hods, the relative abim- 
dance of rock types and the continuity of gradations between rock types. 
At the same time, a study was made of the alteration of sediments under 
the mfluence of igneous intrusions, with results that are believed to be of 
interest and importance. 


Sandstone-limestone Gradation 

The sedimentary rocks of the Bingham district are chiefly sandstones, 
with some beds of limestone, all now lying with their strike nearly 
east and their dip nearly north at an angle of about 30 ®, near the surface. 
The limestone beds are remarkably irregular in thickness in some places, 
but usually change very slowly in composition along the strike. How- 
ever, the most interesting results are obtained from a study of a section 
across the beds at right angles to the strike. In some places, such sec- 
tions show the usual alternation of pure sandstone with nearly pure 
limestone, in the simple manner assumed in most geological discussions. 


* Professor of Mineralogy and Petrology, University of Wisconsin. 
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The condition, in some sections, through the ''Highland Boy limestone, 
however, differs widely from any such simplicity. As shown in Kg. 1, 
this limestone grades very irregularly and indefirdtely into the sandstone 
that separates it from the overlying "Yampa” limestone. All sorts of 
proportions of quartz and calcite are foimd in this gradation and, instead 
of nearly pure limestone sharply separable from nearly pure sandstone, *as 
illustrated by the relations between the Yampa limestone^ and the 



Pig. 1. — ^Varying tenor of quartz in samples taken at 26-pt. intervals 
ACROSS the Highland Boy and Yampa '^limestone*' and the intervening sand- 
stone AT Bingham, Utah. 


adjacent sandstones (in Kg. 1), the Highland Boy limestone as a formation 
locally consists of as much as 80 per cent, quartz; petrographically, 
such parts must be considered to be sandstones. 

Of the total number of samples taken, 600 were found to represent 
essentially imaltered sedimentary rocks; 20 per cent, of this number were 
practically pure limestone. Calculating the amount of quartz in each 



PERCENT OF QUARTZ 

Fig. 2. — Rblattvb abundance op sedimentary rocks with varying tenor op 

QUARTZ AT BiNGHAM, UtAH. 


sample to the nearest multiple of 6 per cent., the relative number of 
samples of each type thus established is shown in Kg. 2. If the limit 
between limestone and sandstone were to be established in accordance 
with this diagram, it might well be placed at about 10 per cent, of quartz, 

^ In the Inland tunnel the Yampa limestone formation is also largely a calcareous 
sandstone. The PameU limestone formation is likewise petrographically a calcareous 
sandstone in some places, for escamplc, east of the Andy incline* 
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as such types are the rarest* The very existence of such a gradation 
between sandstone and limestone seems to be ignored in geological, and 
even in most petrographic, literature and no attempt to fix a limit in the 
series is known to the writer. The only limit that needs no special 
defense is 60 per cent, of quartz (and 60 per cent, of carbonate), on the 
basis of which any rock in this series is sandstone, if it is composed domi- 
nantly of quartz, and it is limestone, if it is composed dominantly of 
carbonate. On such a basis, about 30 per cent, of the limestone samples 
taken at Bingham contain more than negligible amounts (5 per cent.) 
of quartz; on the same basis, 76 per cent, of the sandstone samples con- 
tain more than 5 per cent, of carbonate, and 23 per cent, of them contain 
more than 25 per cent, of carbonate. 

The sedimentary rocks of the Bingham district have been altered in 
various ways in consequence of igneous intrusion. Most of the sandstones 
have been converted into quartzites; some of the limestones have been 
recrystallized to marbles, and there are all gradations between the 
unaltered and the recrystallized rocks. However, the more important 
results of the intrusion (so far as the rocks are concerned) are those that 
have changed the mineral and chemical composition of the rocks. Lime- 
silicate rocks have been produced in abundance in a zone adjoining 
the intrusion. 

Origin op Lime-silicate Rocks 

The origin of lime-silicate rocks is still under discussion. For the 
rocks at Bingham, there are three possibilities that may be considered. 
Such rocks might be formed: (1) by recrystallization of sandstone with 
addition of lime (some silica would necessarily be removed simultane- 
ously); (2) by recrystallization (without any addition) of a rock contain- 
ing both quartz and caldte (with elimination of the carbonate 
radical, and possibly, of other constituents); or (3) by recrystallization 
of limestone with addition of silica (with concomitant removal of the 
carbonate radical). 

RecrystaUizaHon of Sandstone Theory 

It is clear, from the stratigraphic relationships, that it would be diffi- 
cult to account for all the Kme-silicate rocks as due to recrystallization of 
sandstone with addition of lime, as it is often possible to prove that these 
rocks replace limestone, and not sandstone, in the geologic sequence. 
However, this evidence is not sufficient to show that some parts of the 
silicated rocks are not derived from sandstone. The evidence on this 
point is to be found in the nature of the solutions that caused the silication 
and in the thin sections of the rocks partly silicated. Solutions coming 
from magmas are naturally rich in silica, because magmas usually contain 
at least 50 per cent, silica, and the Bingham magma contained about 68 
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per cent., as shown by published analyses of the rocks formed from it. 
Furthermore, solutions coming from magmas are likely to contain even a 
higher tenor of silica than their source, for processes of differentiation 
commonly cause a concentration of silica in the residual liquid, as shown 
by the formation of aplites, pegmatites, and quartz veins from such 
sources. On the other hand, the Bingham magmas contained only about 
6 per cent, of lime, and solutions escaping from it probably contained 
little, if any, lime, as shown by the same facts. Therefore, such solutions 
are not a reasonable source for large amounts of lime, nor are they suit- 
able agents to remove large amounts of silica. Finally, in the thin 
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PERCENT or QUARTZ 

Fig. 3. — Relativb abuotancb of siucatbd rocks and avbragb tenor of sili- 
cates IN THEM AT BiNQHAM, UtAH. 

sections of partly silicated Bingham rooks, no examples are found of pro- 
gressive replacement of quartz by lime silicates, but, on the contrary, 
such silicates may replace a calcareous cement and leave the quartz grains 
unmodified. Microscopic study shows that more than two-thirds of the 
limestones (whether quartzose or not) collected at Bingham were more or 
less silicated, as shown in Fig. 3, while no pure sandstones were silicated 
at all, and calcareous sandstones only (as a maximum) to the extent of 
silication of the calcareous portion (see Fig. 3). For all of these reasons, 
it is believed that no part of the lime-silicate rocks at Bingham was 
derived from sandstone. 

RecryatallizaMon Without Addition Theory 

If it is assumed that these rocks were formed by elimination of some 
constituents and recrystallization of the remainder, it is easy to calculate 
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the amotmts of caldte and quartz necessary in the original rock to form 
any lime-silicate mineral, and leave no excess of either caJcite or quartz. 
Assuming caldte and quartz present in proper proportions, the constitu- 
ent eliminated to form wollastonite would be only carbon dioxide; if 
the original rock consisted of quartz and dolomite in certain proportions, 
elimination of the same constituent would permit the formation of 
diopside from the reminder. No other minerals found at Bingham 
can exclusively form a rock produced from a mixture of quartz and caJcite 
(or dolomite) by elimination only of carbon dioxide. To produce (with- 
out introduction of new material) a rock composed essentially of any one 
or any mixture of the following minerals, all found at Bingham — apophyl- 



Fio. 4. — ^VSBTICAI. SECnOII THBOUOB TBS BjOHLAND BOT LmSTOMB AHU OTHEIB 
rOBjBATIOIIB AT BlNGHAM, BtAB SHOWtKQ TEAT SILICATION IS NOT ACCOMPANIED 
BT DECBBASB OP VOLUME; THE LIME” INCLUDES SOME LIMESTONE MEBELT 

bleached BT LOSS OP CASBONACEOUB MATTES, BUT MUCH OP IT IS LIME-SILICATB 
BOCK. 

lite, chlorite, epidote, garnet, sericite, serpentine, tremolite, zoisite — 
would require elimination of other constituents, besides carbon dioxide, 
and elimination of such constituents on a large scale. A mixture of 37.5 
per cent, of quartz and 62.5 per cent, of calcite could be converted into 
pure woUastonite by loss of carbon dioxide and recrystaUization, and the 
process would involve a loss of 27.5 per cent., by weight, or more than 30 
per cent, by volume. A mixture of 40 per cent, of quartz and 60 per 
cent, of dolomite could be converted into pure diopside by loss of carbon 
dioxide and recrystaUization and the change would involve a loss of 29 
per cent., by wei^t, and 44 per cent, by volume. That is, the theory 
of formation of lime^cate rocks solely by elimination of constituents 
and recrystaUization of the remaining portions would require a loss of 
27 to 29 per cent, by wei^t and 30 to 45 per cent, by volume of the 
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original rock, as minimum amounts^ and much larger percentages as 
maximum amounts. 

The numerous vertical sections through the Highland Boy limestone 
and other formations, carefully worked out for the lawsuit, show that 
there has been no decrease of volume as a result of the change of the 
limestone to lime-silicate rock. One of these vertical sections is repro- 
duced in Fig. 4. There is a greater thickness of the limestone formation 
in the region of silication and mineralization than elsewhere, so that one 
might be tempted to assume that silication was accompanied by introduc- 
tion of so much new material as to cause increase of volume; but this 
conclusion is not warranted. The greater thickness is probably an origi- 
nal condition; and when the matter is investigated, in detail, on a smaller 
scale, it is found that there is no relation between silication and variations 
m thickness. The lime-silicate rocks of Bingham, therefore, were not 
formed by silication of limestone without addition of new material. 

Recrystallizoition of Limestone Theory 

There is evidence in the mines that a given bed of limestone can be 
converted into lime-silicate rock with no important change of volume, as 
the thickness remains xmchanged; and there is evidence in thin sections 
that an abundant calcite cement can be converted into Kme-silicate 
minerals without change of volume. It is believed, therefore, that the 
change to silicates has occurred at Bingham with no important change 
of volume. 

Assuming that materials present in the rocks are used in the new 
minerals, and ascribing to primary detrital quartz the largest portion of 
the silica of the new minerals that can be thus assigned without leading to 
change in volume, it may be calculated that; 

WoUastonite-rock may be derived from about 10 per cent, quartz and 
90 per cent, calcite. 

Diopside-rock may be derived from about 43 per cent, quartz and 
57 per cent, dolomite. 

Garnet-rock® may be derived from about 16 per cent, quartz and 
85 per cent, calcite. 

Wollastonite is far more abundant than any other mineral^in the 
lime-silicate rocks at Bingham; diopside is next in abimdance, being 
much commoner than garnet, which is probably third. As these minerals 
form the bulk of the lime-^cate rocks, it is unnecessary to continue 
the calculations. 

These calculations show how relatively unimportant would be the 
original quartz of the sedimentary rocks as a source of silica for lime-sili- 

* Grossulaxite-rock from about 12 per cent, quartz and andradite-rock from about 
16 per cent, quartz. 
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cates on the most favorable assumptions, provided there is no change of 
volume. As a matter of fact, microscopic evidence shows that original 
quartz is not used (at least in all cases) in the formation of lime silicates, 
for in some thin sections the calcite matrix has been converted completely 
into lime-silicate minerals with no encroachment on the rounded outlines 
of the detrital quartz grains. It is, therefore, believed that lime-silicate 
rocks are formed by a combination of lime from the carbonate of limestone 
with silica from solution, the carbonate radical taking the place of the 
silica in the solution. In order to test this conclusion, as fully as possible, 
two sets of detailed examinations of the altered and unaltered sediments 
were made; the first of these was a study of the accessory constituents 
(“heavy residues”) of the sediments to learn whether any one of them 
remained unaltered during silication and might therefore throw light on 
the nature of the original rock; the second was a study of the porosity of 
the sediments before and after silication to determine whether a marked 
change in porosity could be cited as an explanation of the absence of 
change of total volume. 


Study of Heavy Residues 

Many rocks contain very small crystals or grains of imcommon 
minerals which are so sparsely distributed through the rock mass that 
they may be entirely absent from a thin section. Even if a grain or 
two are found in a thin section, it is not possible to get any reliable meas- 
ure of their abundance from such a source. Therefore, to investigate 
these minerals, special methods are used which depend on the fact that 
they have higher specific gravities than the abundant constituents of 
the rocks. A large sample of the rock is crushed to a powder, which is 
sized by means of suitable sieves, and then each size is panned to eliminate 
the light minerals. In the “heavy residues” thus obtained, there is 
commonly a concentration of 10 to 100 into 1, and a mineral that was 
very sparse in the original rook may be abundant in the concentrate; 
in this way, it may be easily identified and its abundance measured. 

Some of the heavier minerals are important and others are not. Thus, 
the sulfide minerals are deposited in orebodies and simultaneously 
may be scattered through the adjoining rocks, but, though of such great 
importance as ores, they are of little significance in the rocks, because 
they were introduced long after the formation of the rocks. In the non-ig- 
neous rocks at Bingham, the heavy minerals are not numerous; aside 
from the sulfides, zircon is the only one which is widespread. This mineral 
is hard, insoluble, and stable imder a great variety of conditions. It has 
been shown* that it is formed by early crystallization in magmas, usually 


• J. D, Trueman: JnZ. GeoL (1912) 20, 248. 
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Fig. 5. — ^Ziecon in concentrate op Bingham sediment containxng 50 per 
CENT, quartz. Rounded translucent grains op vert high rbliep are zircon. 
Amount op all material should be greatly increased in order to bring out a 
CORRECT comparison WITH FiGS. 6-8. 



Fig. 6. — ^Zircon in oGncentrate of Bingham sediment containing 98 per cent. 
OF quartz; rounded translucent GRAINB of vert high relief ARB zircon. 
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PiQ, 7,— 25 iBCON (AVERAGE! AMOUNT) IN CONCENTRATE OP LIME-SILICATE ROCK FROM 

Bing TyAUf, Utah; rounded translucent grains op very high relibp are zircon. 



Pig. 8. — ^Zircon (maximum amount) in concentrate op UME-fiiuoATE rock prom 
Bingham^ Utah; rounded translucent grains of vert high reliep a™ zircon. 
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in well-defined crystals, and that it remains unaltered during the cooling 
of the rock mass; when the rock is broken up by weathering and erosion, 
it is rounded and surface-weathered but not destroyed; and, finally, 
that under the intense anamorphic conditions which change a sedimentary 
into a metamorphic rock it is unmodified, with rare and unimportant 
exceptions. The present study has proved that zircon is unmodified by 
the influences which produced the lime-silicate rocks. 

These facts i^ake it clear that zircon can enter the sedimentary rocks 
only as a clastic mineral (because of its insolubility) ; it is found widely, 
but sparsely, distributed in practically all detrital sediments,^ and is not 
found in sedimentary rocks wholly produced by precipitation from solu- 
tion ; therefore, it is present in sandstones but not in most pure limestones. 
Its abundance in the sandstone-limestone series is approximately propor- 
tional to the amotmt of quartz in any given rock, though variations in its 
abundance occur in this series just as they occur in pure sandstones. 

The Bingham rocks tested in this way yielded the following results, as 
obtained by A. H. Koschmann.® Some of the zircons recovered by him 
from these rocks are shown in Figs. 5 to 8, in which the relative abundance 
is approximately shown, except in Fig. 5. 


A. Rocks with Known Amounts op Obiginal Detbital Quabtz 


Pbr Cent, of 

Sample 

Quabtz 

Number 

98 

952 

98 

14 

75 

42 

60 

208 

50 

44 


CONSTITUBINTS 

WoUastonite, diopside. . . 

Wollastonite 

Talc (?), diopside, calcite.. 
Wollastonite, serpentine 

WoUastonite, garnet 

Diopside, serpentine 
Serpentine, garnet, pyroxene 
Serpentine, calcite 
Serpentine, diopside 
Diopside, woUastonite 
WoUastonite, diopside 
Diopside, serpentme. . 


Pbb Cunt, of Pdb Csjnt of 
Zircon Qxtabtz 

0.0218 30 

0 0099 25 

0.00233 0 

0 00241 0 

0.00389 

B. SiLiCATBD Rocks 


Sample 

* Pbb Cent, of 

Number 

Zircon 

20 

0.00063 

43 

0.00225 

312 

’ 0 00000 

943 

0.00000 


Sample 

Pbb Cent. 

Number 

OF ZiBCON 

238 

0.00382 

401 

0.00172 

361 

0 00041 

389 

less than 0.00027 

407 

less than 0.00008 

414 

less than 0.00006 

377 

less than 0.00002 

180 

0.00000 

249 

0.00000 

265 

0.00000 

291 

0.00000 

426 

0.00000 


* Hatch and RastaU: “ Petrology of the Sedimentary Rocks, 42, 192, London, 
1913. AUen dc Co.; P. G. H. BosweU: Quart Jnl. OeoL Soe, (1915) 71, 536-591; see 
especially pp. 576 (and table), 578, 581, 584. 

» Unpublished B. A. thesis, University of Wisconsin, 1919. 
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These results are 6ho\m graphically in Fig. 9, in which the rocks with 
known amount of original quartz are indicated by circles, while those of 
unknown percentage of original quartz are indicated by crosses. The 
latter samples (with the exception of 238 and 401) are plotted to indicate 
the maximum amount of quartz that can be assigned to them, assuming 
that they are derived from rocks similar to the former samples. Assum- 
ing that samples 238 and 401 were derived from rocks originally containing 
about 40 per cent, of detrital quartz, they take reasonable positions on the 
diagram. That is, this line of evidence indicates that ten of the twelve 
samples of lime-silicate rocks tested were derived from pure limestones or 



PER CEN’" QUARTZ 

Fig. 0. — ^TbNOB of zircon in SAMPUBS of BiNGBAU SNDniXNFS with VABTINa TNNOB 
OF QUARTZ, AND AISO IN SAMFUES OF DRBITXD UUN-BUJCATB) BOCKS. 

limestones with only a little detrital quartz. Regarding the two other 
samples, the evidence is not at all conclusive; sample 401 may have been 
formed from a rock containing*any amount from 8 to 57 per cent, of orig- 
inal detrital quartz, while sample 238 may have been derived from a 
rock containing any amount from 17 to 100 per cent, of detritsd quartz; 
it is reasonable to believe that these rocks were derived from sediments 
containing 20 to 40 per cent, of quartz. 

Stu^ of Porosity 

It has been shown that the rocks at Bingham were changed to lime 
silicates without any important change of volume. This refers to total 
rock volume, including pore space; therefore, it is important to leam 
whether these changes involved any important changes in the porosity of 
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the rocks. For this purpose, the porosity of twenty-three selected 
samples of Bingham rocks was determined by A. H. Koschmann, with the 
following results: 


A. Unsilicatbd 


Pbb Cent. 


1 rock with 100 per cent, quartz has a porosity of 2.5 

2 rocks with 75 per cent, quartz: 0.5, 9.6, an average of 5.1 

2 rocks with 50 per cent, quartz: 1.4, 3.3 2.3 

2 rocks with 25 per cent, quartz: 0.6, 2.7 1.8 

2 rocks with 0 per cent, quartz: 5.6, 6.8 6.2 


B. Pabtlt Silicatbd 

2 rocks with 25 per cent, quartz, 30 per cent. aUicated: 2.4, 2.8 2.6 

2 rocks with 0 per cent, quartz, 25 per cent, silicated: 10.0, 18.3 14.1 

1 rock with 0 per cent, quartz, 50 per cent silicated 2.6 

3 rocks with 0 per cent, quartz, 76 per cent, silicated: 8.6, 0.5, 2.1 3.7 

C. Carbonate Completely Silicated 

3 rocks with 60 per cent, quartz, 40 per cent, silicated: 1.9, 4.4, 4.8 3.7 

1 rock with 25 per cent, quartz, 75 per cent, silicated 1.6 

2 rocks with 0 per cent, quartz, 100 per cent, silicated: 3.7, 3.4 3.5 


In summary, the nine unsilicated rocks have an average porosity of 
3.7 per cent., while the eight partly silicated rocks have an average 
porosity of 6.9 per cent., but the six completely silicated rocks have a 
porosity of only 3.3 per cent. The only rocks that show any important 
change of porosity accompanying silication are some of those with no 
quartz that have been silicated only m part. The original nature of these 
partly silicated rocks is indicated by the unsilicated residue to have been 
limestone (with or without quartz). The completely silicated rocks are 
quite uniformly less porous than the corresponding unsilicated rocks; 
therefore, they have not been produced by combination of original calcite 
and quartz with loss of carbon dioxide and consequent loss of volume; 
but by the combination of original calcite with new silica, the introduction 
of which has prevented loss of volume. 


Petrographic History op Bingham District 

The detailed study of the rocks of Bingham has disclosed many facts 
regarding their origin that should be brought together. The molten 
magma that forced its way into the sediments at Bingham did not solidify 
until it had reached almost to the surface, as it existed at that time. The 
temperature of such molten rock material near the earth’s surface is 
known to be between 1200^ and 1500^ C. and it is known to contain large 
amounts of water in solution. This is the source of the heat, and the 
probable source of the solutions, that caused such profound changes in the 
rocks, and also produced the ore deposits. After the intrusion, the 
adjoining rocks were gradually raised to high temperature by conduction 
of heat and by means of heat transferred by moving liquids and gases. 
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The important processes involving mineral changes followed in the order 
here given: (1) Silication and elimination of free carbon. (2) Minerali- 
zation and silicification: (a) Deposition of copper ores; (6) deposition of 
silver-lead ores. (3) Carbonation. 

Silication and Elimination of Free Carbon 

As already shown, the magmatic solutions at Bingham produced no 
important effects on the pure sandstones (probably caused some cementa- 
tion, quartz enlargement, and reciystaUization to quartzites), but pro- 
duced marked effects on the limestones. The first change was probably 
that indicated by the equation: 

CaCOa + SiOa - CaSiOs + CO 2 
Calcite + silica = woUastonite + carbon dioxide 
(solid) (in solution) (solid) (in solution) 

The silica in the hot solutions combined with the lime of calcite 
to form solid lime silicate or woUastonite, while the carbon dioxide of the 
calcite went into solution. Another change of less importance may be 
expressed as foUows: 

C + 2 H 2 O » CO 2 + 2 H 2 

Free carbon + water - carbon dioxide + hydrogen 

This equation expresses the manner in which the free carbon that 
stains the limestone black may combine with the oxygen of water to form 
carbon dioxide and hydrogen. Both these equations result in the 
production of carbon dioxide; the first is inevitable if the solutions moved 
from the magma through limestone to the surface and contained silica; 
the second may have occurred, but at high temperature it does not 
absorb as much heat as the f oUowing, and therefore was probably prevented 
largely or wholly by the latter: 

C + CO 2 = 2CO 

Free carbon + carbon dioxide = carbon monoxide 

Furthermore, any activity of the Mnd shown by the second equation 
tends to produce more carbon dioxide, which tends to accelerate the third 
reaction, which, in turn, tends to inhibit the second reaction because it 
absorbs more heat and also because it tends to exhaust the free carbon. 

The second reaction does not occur at temperatures below 560° C., 
and proceeds very slowly below 600° C., while the third reaction does not 
begin below 600° C., and is slow® even at 700° C., but proceeds freely at 
800° and 900° C. These temperatures would be raised only a sTnal]! 
amount by the pressure to which the whole area must have been subjected 

® Rhead and Wheeler; JnL Chem, Soc. (1911) 99, 1, 1153. 
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and also by decrease of 'concentration; it is safe to conclude that the free 
carbon was driven out of the limestones while the mass was at a tem- 
perature at least as high as about 700"^ C. The same solutions that drove 
out the free carbon produced the lime silicates that have been described. 
These include tremolite, which cannot be formed^ at temperatures above 
1000°-1100° C. Therefore, if these processes occurred simultaneously, 
the silication began at temperatures between 700® and 1000® C., and 
probably at temperatures near 800® C. 

It should be noted that there was a great deal of silication accom- 
plished during this period, which means that the solutions brought in a 
■great deal of silica. At such high temperatures, carbonation is not 
impossible, but could only be accomplished under a pressure of CO 2 gas 
approaching one. atmosphere, as CaCOs dissociates completely® to CaO and 
CO 2 to produce a pressure of one atmosphere of CO 2 at about 900® C. 
This process of dissociation of CaCOs begins at a much lower temperature 
and would continue at the lower temperature provided the CO 2 pressure 
was continually removed, as would be the case if hot solutions were con- 
tinually canying it in solution to the surface. Therefore, carbonation is 
almost impossible at the temperatures at which the silication began, and 
is improbable under conditions of upward-moving hot solutions even at 
considerably lower temperatures. 

MineralizaMon and Silicification 

Silication of limestone by hot solutions containing silica may continue, 
though at a gradually decreasing rate, until the temperature falls® 
at least as low as 260® C. The noicroscopic evidence, as weU as that 
supplied by the distribution in the names, shows that most of the silica- 
tion was completed before mineralization begah, but the fact that ores 
are in some places intergrown with lime silicates proves that silication 
continued during at least part of the period of formation of orebodies. 
It has been shown^® that the quartz of veins (not including pegmatite 
veins) crystallized at temperatures below 665® C.; therefore, the ores in 
the veins and replacements at Bingham were formed at temperatures 
below 566® and probably (at least in part) above 260® C. '^en the 
solutions cooled to these temperatures, they deposited the ores in veins 
and irregular replacement bodies. Boutwell^ has described evidence 
that the ores were deposited at two periods; the earlier ores being valuable 
only for copper, while the later 6res are chiefly valuable for lead and silver, 

^ Allen and Clement: Amer. JnL Sd, [4] (1908) 20, 101. 

* John Johnston: Jrd. Amer, Chem, Soc. (1910) 82, 938. 

■ J. Koenigsberger: Neuea Jahrh, Bid. (1911) 82, 101. 

F. £. Wright and B. S. Larsen: Am. Jnl. Sci. [4] (1909) 27, 421. 

J. M. Boutwell: Bingham Mining District. Prof. Paper 31, U. S. Geol. 

Surv. (1905) 210. 

▼oil. jsxr , — 67 
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but also include some copper. However, all of these ores are alike in 
being siliceous, even when depc^ited in limestone; that is, much silica was 
deposited with the ores whether they formed in veins or as replacements 
of limestone; therefore, the solutions that deposited them were rich in 
dlica. Furthermore, these solutions were not saturated with calcium 
carbonate, for they were able to dissolve large masses of limestone 
which were replaced by orebodies. Consequently, these solutions could 
not accomplish the carbonation described.^^ 

Silicification differs from sllication in distribution at Bingham, as the 
latter is confined to limestone beds (aside from some silication of calcareous 
quartzites) and is not foimd in the fissure veins, while silicification is 
found only exceptionally in the limestones, except where they have been 
replaced by ores, and is abundant in the fissure veins, and in the wall 
rocks immediately adjoining orebodies and veins. 


Ca/rhonaMm 

It Has been shown that carbonation was well-nigh impossible during 
the period of silication and that the solutions that accomplished the work 
of mineraJization were likewise wholly unsuited to produce carbonation. 
In general, carbonation is favored by low temperature, and it is evident 
that the hot solutions which produced the silication and mineralization at 
Bingham did not cause carbonation, unless they produced that effect 
after the period of mineralization, and when still further cooled. But even 
at that time these solutions would be coming from the same source and 
would probably still be charged 'with silica rather 'than calcium carbonate. 
It is more Ukely that the solutions which caused carbonation came from a 
different source — ^perhaps from the surface. 

Ihe evidence that carbonation did not precede mineralization nor 
ffllication is found in the facts already given; also in the fact that quartz 
grains of a calcaieous quartzite have been found to be replaced by 
carbonate, while the caldte cement has been converted into lirnA silicate. 
If the carbonation had preceded the silication, there is no reason why 
cement and carbonate replacement material should not both be converted 
to lime silicate. But if silication preceded the carbonation, the silication 
would affect only that portion of the rock (the cement) which was calcite, 
and the carbonation would later affect only that part of the rock (the 
detrital grains) which was quartz. A^ain, carbonation of a pure quart- 
zite is unknown, even in its bepnnings, but secondary calcite forms tiny 
veinlets cementing fractures in such rocks as well as similBr fractures in 
ores. Further, carbonation does not result in replacement of lime-silicate 
mineralB, but fractures in such rocks are cemented by caldte in some 


» C!ompaie J, J. Beeson: Trans. (1916) 64, 366. 
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cases. The only fact observed that suggests carbonation earlier than 
silication is the occurrence of some lime silicates in veins; some of these 
were simely produced directly as veins, and it is possible that all of them 
were so produced. If any of them represent silication of veins fiUed with 
calcite, this calcite was probably introduced before the period of high 
temperatures caused by the igneous intrusion. They imply deposition of 
calcite from circulating waters, but do not imply solution of quartz nor 
replacement of quartz by calcite. 

CONCLOTIONS 

1. In the Bingham district, there is a complete gradation between 
sandstone and limestone, and the carbonate portion of these rocks shows 
all stages of completeness of transformation to lime silicates. 

2. The rarest original sedimentary rock types at Bingham are com- 
posed of about 10 parts of quartz to 90 of carbonate. 

3. About one-third of the limestone at Bin^am contains an appreci- 
able tenor of quartz. 

4. About three-fourths of the sandstone at Bingham contains more 
than a ne^gible tenor of carbonate, and one-fourth contains upwards of 
25 per cent, of calcite. 

6. The lime-silicate rocks at Bingham were not produced by direct con- 
version of sandstone into silicate, nor by carbonation of sandstone followed 
by silication, as carbonation did not occur until long after silication. 

6. The lime-silicate rocks were not formed from quartzose limestone (or 
calcareous sandstone) by recrystallization without addition of substance, 
as this would result in marked change of volume, which is not found. 

7. The lime-silicate rocks were produced by reorystallization of 
limestone (including some quartzose types) with no important change of 
volume (or of porosity), and the loss of carbon dioxide was balanced by 
the introduction of silica, with magnesia in some cases. This conclusion 
is supported by all the evidence gathered from an examination of the 
field relatioim, a study of many thin sections, and special studies of poros- 
ity and of heavy residues. 

8. The magmatic solutions at Bingham caused elimination of free 
carbon from the limestone, probably by converting it into oxides. 

9. Elimination of free carbon probably occurred at temperatures 
above 700® C., while silication was produced at temperatmes below 
1000®-1100® C.; if these processes occurred simultaneously the tempera- 
ture was probably between these limits. 

10. IV^eralization and silicification took place after the silication 
and at considerably lower temperature. 

11. Carbonation occurred at still lower temperatures and was probably 
due to surface rather than magmatic waters; it is probably still in progress. 
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DISCUSSION 

Waldbmaji Lindgebn, Cambridge, Mass. — ^At that same time the 
Utah Apex Co. took a number (twelve, I think) of continuous groove 
samples across the Highland Boy and the Yampa limestone, which were 
assayed in order to ascertain whether there was any mineralization in 
the average. Large parts of the limestone were black, like quartzite, 
while other parts were white and altered by contact metamorphosis. 
The comparisons based on those anal3rses showed specifically, so far as the 
Yampa limestone was concerned, that there was considerable introduction 
of silica; say, the original limestone would contain 20 to 25-per cent, of 
silica and the recrystallized limestone would perhaps contain 35 to 40 
per cent. But the most interesting feature was* that the analysis 
showed a definite introduction of magnesia, the magnesia having 
increased consistently 3, 4, or 5 per cent, in the white or altered limestone. 
There was also evidence of the introduction of alumina; perhaps not 
nearly so conclusive as in the case of magnesia, but still worth noting. 
Besides, the complete elimination of carbon and the introduction of say, 
on the average, 4 or 5 per cent, of pyrite; the introduction of copper could 
not be detected in the average samples thus taken. 

A. C. Spencbe, Washington, D. C. — ^How was the carbonaceous 
material eliminated in the process of hydrothermal metamorphism ? The 
author su^ests that it was eliminated after being oxidized. 

Waldbmab Lindgbbn. — ^I do not know anything about it, except 
that the carbon is gone. The change from the blacklimestone to the white 
is sudden and usually takes place within a few feet. 

A. C. Spbnceb. — Considerable areas at Camp My, Nev., that were 
originally carbonaceous, are now occupied by limestones which, in their 
natural state, when struck by the hammer, emit a fetid odor. At present 
those great ma^^ of limestone are white, they have no graphite in them; 
the carbonaceous material has been eliminate. 

My opinion has been that they had been swept out by heated waters 
and that, in the main, had been accomplished through change of these 
hydrocarbons perhaps into petroleum substances. The suggestion that 
that carhon had been eliminated throu^ having been converted into 
carbon dioxide has been quite a surprise to me. 

A. C. Lawson, Washington, D. C.— One interesting point about the 
relationship of the black limestones to the white limestones of Bingham 
is that in riie vicinity of the intrusive masses the limestone is white far 
away from them it is black^ and in the intermediate zone it is both white 
and black. The limestones are rather thin bedded and for considerable 
dis t an ces (that is hundreds of feet) them are very. narrow interleafings 
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of white limestone with jet black, that interleafing following the stratifica- 
tion. Whatever may be the process, there is a control of structure in 
some way that determines the change of black to white along the planes 
of stratification, and yet the boundary between the white and the black 
in a single stratum is of knife-edge sharpness. The black and the white 
beds alternate so that they have a glaring ribboned or striped appear- 
ance in the mine. 

In this expression of opinion as to origin of the changes, there is an 
assumption that the process of change was contemporary with the molten 
condition of the magma. It seems far more probable that these changes 
continued long after the intrusive mass had solidified. We should not 
be so ready to assume that these changes are contemporary with the 
molten condition of the intrusive mass, but allow for considerable change 
after solidification, by reason of the effect of heat on the waters. As the 
mass at the time of solidification is very hot and it takes a long time to 
cool, there must be an important influence of that hot mass on the sur- 
roundiug coimtiy in heating the ground water, in promoting circulation, 
and in the distribution of heat by this circulation. 

Waldemab Lindgebn. — ^I am a little in doubt about the use of the 
word “ hydrothennal ” waters. If any distinction at all is drawn between 
the different waters, I would say that they were waters of a hotter tem- 
perature than those usually characterized as hydrothermal. In hydro- 
thermal alteration of limestone, the tendency is toward the development 
of flne^ained silica, whereas here the tendency is toward silication — 
to develop into silicates. I should be inclined to draw a distinction 
between those two. 

A. C. Lawson. — If such a rock as the sandstones at Bingham Canyon 
were invaded by a laccolith of monzonite, I do not see how you are going 
to escape the conclusion that the temperature effects must have been 
conveyed to the contained water; that there must have been different 
densities of waters at different distances from the intrusive mass, and an 
induced circulation of meteoric waters. There is no escape from recog- 
nizing that something happened in that way. To say that aU the water 
came from the magma and to deny any effect whatsoever of the induced 
circulation of meteoric waters ordinarily contained in the earth’s crust, 
is carrying the theory too far. The notion that the heated waters in 
the sandstones may be effective for mineralization seems to be the most 
rational thing in the world. I do not deny the escape of volatile sub- 
stances from magmas, but I do think the meteoric waters in the earth’s 
crust must have important effects if you recognize that the action may 
go on long after the mass of the intrusion has solidified, and by reason of 
shrinkage and cracking has become permeated with those same waters, 
so that they may extract the metals. 
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Reno H. Sales, Butte, Mont. — ^There is unquestionably a spreading 
of this white zone of alteration outward and away from the intrusive 
rocks. The change from black to white lime has been effected principally 
by solutions. The first attack of these solutions on the limestone seems 
to have been partly chemical and partly physical. The structure of the 
rock is destroyed, causing it to crumble to a soft sandy material, retaining, 
however, its original black color. 

This t 3 rpe of alteration is particularly prevalent where solutions have 
attacked the limestone at distances of several hundred feet from the igne- 
ous rocks. Where the limestone has been intensely shattered so that the 
solutions could circulate freely around the blocks and fragments, the 
above type of alteration has resulted in a complete collapse of the lime 
bed into a jumbled mass of lime blocks and black sandy material. A 
notable example of this type of alteration occurs in the Yampa limestone 
on the Apex 1300-ft. level. 

It would be interesting to know what chemical change took place 
that caused this breakdown of the internal structure of the limestone. 

F. L. Hess, Washington, D. C. — Is there any concentration of the 
carbon anywhere? 

Reno H. Sales. — There is no concentration of the carbon observable 
to the naked eye. 

A. C. Lawson. — ^Does anybody know whether it is really in the form 
of carbon or in the form of bituminous matter? 

Reno H, Sales. — I do not know. I only refer to the black discolorar 
tion of the limestone itself, which coloring remains until after it has 
collapsed down into a sand. 

W. L. Cummings, Bethlehem, Pa. — ^When reading discussions of this 
nature, I have wondered if any careful observations have been made as 
to the effect of molten slag on limestone. Molten slag approximates, 
to a certain extent, molten rock and it is well known that some slag dumps 
are hot in the lower portions for some years after the slag has been dumped. 

I have been informed, by a former chemist of Bethlehem, that some 
years ago when walkmg over a large slag dump he found small fumaroles 
with a dight mineral deposition still going on although the slag had been 
dumped 2 years before. Conditions were therefore somewhat similar 
to those that occurred in igneous intrusions. 

At some favorable point, it might be possible to analyze a limestone 
before slag had been dumped on it and afterward to analyze a contact 
specimen. With an analysis of the slag at hand, something might be 
learned as to the actual effect on the limestone near the contact. 

A. C. Lawson. — On Mt. Vesuvius, limestone fragments have been 
exposed to high temperature and hot gases in cracks of the lava. When 
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these were removed after a few weeks, beautiful new crystals were found 
upon the limestone. So the limestone experiment is to some extent 
being carried on at Vesuvius. 

James F. Kemp, New York, N. Y. — ^We must be careful to draw 
somewhat of a distinction between dry fusion and the fusion of igneous 
rocks, rich in vapors. In our experience with contact zones, we are 
impressed by two things; the first is their failure sometimes to appear 
in places where we would naturally look for them; and the second is the 
enormous extent to which they are developed in other places. By our 
experience we have also learned that the basic rocks are rather poor 
contact-zone producers; while the acidic rocks in which we customarily 
think there are larger amounts of dissolved gases, particularly hydrogen 
and oxygen, chlorine and flriorine, boron and carbon dioxide, are the 
most efficient agents. 

A. N. WiNCHBLL. — ^The black coloring matter of the Bingham lime- 
stones is believed to be carbon because it is not volatile nor soluble in 
hydrochloric add, but may be oxidized slowly at high temperature, as 
shown by the fact that the powdered rock when dissolved in acid leaves a 
grasddi black residue which can be driven off dowly in the oxidizing flame 
at high temperature. 

The writer knows of no simple proof that the solutions which caused 
the changes in the rocks came from the intrusive magma rather than 
from the quartzite, and he was careful to state in the paper that the 
magma was the probable source of the solutions. He is still of that opin- 
ion for (among other reasons) he considers that an intrusive magma gives 
off liquids and gases practically continuously until completely solidified, 
and the very first wave of these fluids would drive out all or most of the 
water present in adjoining rocks. 
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Some Geological Features and Court Decisions of the Utah 
Apex — ^Utah Consolidated Controversy, Bingham District 

OsBZK P. Pbtbkson, Bbookunb, Mass. 

(Ner York Heetisg, Febniaiy, 1821) 

The decision of the Supreme Court of the United States not to 
review the findings of the lower courts closes an interesting chapter in the 
mining liti^tion that has arisen as a result of the ertralateral feature of 
the mining law. The time seems opportune to record some of the impor- 
tant geological features, and also some of the legal features, of the contro- 
versy, in the hope that these will be permanently accessible to members of 
the mining profession. 

After many rumors of litigation, the Utah Consolidated Mining Co. 
sued its neighbor for the ore that had been, it was alleged, wrongfully 
extracted from its so-called Yampa limestone lode. This ore lay 
beneath Utah-Apex surface and was claimed by virtue of the extralat- 
eral ri^ts conferred on the Utah Consolidated Co. through the ownership 
of certain specific mining claims, one of the principal claims being the 
Yampa. Previous to bringing suit, the Utah Consolidated Co. had 
strengthened its position by purchasing the Old Yampa mine and by 
making an agreement with the Utah Metal & Tunnel Co., which gave it 
clearer title to the outcrop of the Highland Boy limestone. 

Access to the workings of the Utah-Apes Co. was secured and recip- 
rocal privileges gave Utah-Apex representatives the right to enter the 
properties of the Utah ConsoHdated'Co. This resulted in the Utah-Apex 
immediately bringing countersuit for ore allied to have been wrongfully 
extracted from under its surface in the Leadville country, see Fig. 4. 

She cases came up for condderation: five related to the original suit 
and the cormtersuit, and one related to the Dana extralateral claims of the 
Utah-Apex Co. 

Well-known attorneys, geolo^sts, and miniTig engineers were engaged 
by both sides, and thousands of feet of development work were done to 
prove or disprove ideas that would sustain the contentions of the opposing 
sides. Modds of wood, wire, and glass were constructed to present 
clearly to the court the actual phsrsical relations. These models were also 
of great value to the attorneys and witnesses in clarifying hazy impres- 
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sions of conditions underground. More than a hundred maps, mmnly 
level plans, vertical transverse sections, and surface maps were exhibited. 

After the cases had been postponed, to allow for more adequate 
preparation of exhibits, the first case was brought to trial, before Judge 
Tillman D. Johnson, of the United States District Court for the District 
of Utah, early in November, 1919. 



A number of oases, particularly, the Eureka-Blchmond and the Law- 
son, or Kemptpn, had been previously decided and it had become 
evident that a limestone bed which was mineralized throughout would 
probably be held as a lode in the legal sense. The question to be decided 
was: Did the evidence show that the limestones were mineralized 
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Fig, 2, — ^Yampa case model. 
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Fig, 3. — ^Highland Boy cash modbii. 
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throughout sufficiently to be thus classed as lodes. If the Highland Boy 
lode extended to the Leadville country, it included the Leadville ore- 
bodies; while if the Yampa Umestone was a lode, it included the Utah- 
Apex orebodies in that limestone. Witnesses on the same side did not 
always agree; but apart from some differences of opinion as to what was 
quartzite and what was limestone, in certain important localities, the 
geological facts were evident and unusually close agreement among the 
witnesses was noted. 

To bring absolutely incontrovertible evidence as to the amount of 
metallic sulfides in the rocks, in certain localities, the TJtali-Apex Co. took 
many carefully cut channd samples and had the metallic contents 
determined by assay and analysis. 

If the contentions of the Utah Consolidated Co. had been sustained 
by the court, it would have been a short jump to maintain in a mining 
district, and under somewhat similar conditions, that any rock formation 
could be considered a lode legally, as the rock limestone could hardly be 
supposed to have any inherent right to be exclusively considered as the 
only rock entitled to such consideration. The extralateral sweeps were 
such, and the claim ri^ts such, that a decision construing the limestones 
as lodes would give the Utah Consolidated Co., by virture of surface 
owner^p of outcrops, practically all of the ore mined by the Utah-Apex 
Co. from the Yampa limestone and would confirm them in possession 
of the Leadville ore. 

The trial lasted until Dec. 13, 1919, and the arguments of the attor- 
neys were presented Jan. 29-31, 1920. The decidon of the tri^ court 
was dated Oct. 20, 1920, and all cases, except the Dana extralateral, 
were decided in favor of ^e Utah-Apex Mining Co. The Utah Consoli- 
dated Co. at once appealed from the decision of the district court and the 
appealed cases were argued in Denver before the Grcuit Court of Appeals. 
The decisioDS ’of this court were also in favor of the Utah-Apex. An 
attempt was then made to carry the fight to the Supreme Court of the 
United States, but this court refused to review the findin ga of the 
loii^ courts. 

Oenebal Geological Considebations 

The following succession of rocks is found in the Bin^am district. 
Extrusive, mainly andesite; intrusive, mainly monzonite porphyry; 
limestone, lenses tind members in quartzite; quartidte, known as Bingham 
quartzite. With the exception of the extrusive, all the rocks in the suc- 
cession are known in the mines of the Utah-Apex and Utah Consoli- 
dated companies. 

The BQghland Boy limestone lies stratigraphically below the Yampa 
limestone and is separated from the Yampa by 300 ft. of quartzite, with 
included thin limestone beds. 



ORRIN P. PETERSON 


909 


The cases naturally divide themselves into two groups; the first con- 
cerning orebodies in the Highland Boy limestone and the second 
concerning orebodies in the Yampa limestone. 

Mining Geology op Orebodies in Highland Boy Limestone 
General Considerations 

The detailed succession of rocks adjacent to the H^hland Boy lime 
stone, beginning with the top formation, is as follows: 

Quartzite, 200-300 ft., includes two or more thin limestone beds 
near the top 

Highland Boy limestone, 100-300 ft. thick, with several included 
beds of quartzite 
Quartzite, 000-160 ft. 

Limestone, 20 ft. of variable rock 
Quartzite, 000-100 ft. 

Utah Metals limestone, 80 ft. of alternating quartzite and limestone 
beds 

Quartzite, 100 ft. 

Limestone, 5-10 ft. 

Quartzite, 150 ft. 

Limestone, 5-10 ft. 

Quartzite, 100 ft. plus. 

A well-defined quartzite band occurs in the Highland Boy limestone 
near the top of that member; see Fig. 13. This band carries about 80 
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Fig. 4. — GnomaiCAL map op Utah CoNsoLioATiiiD 1300-pt. level. 


per cent, of sand grains, the remaining material being calcium carbonate 
cementing the clastic particles. The color is greenish and the rook is 
finer grained than the thicker bands of quartzite. This quartzite, which 
has an average thickness of 30 ft., deserved more attention than it re- 
ceived during the trial, since ore made in it in large quantities on the 4G 
level, Utali Consolidated. The upper portion of the Leadville ore occurs 
between this quartzite and the overlying quartzite and is separated from 
the main Highland Boy orebody, on the ninth level, by the band of 
quartzite mentioned as well as by a second calcareous quartzite band. 
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MoDzonite porphyry intrudes the sediments and occurs generally 
throughout the area described, but with a marked decrease in abundance 
as the distance from the Bingham monzonite core increases. 

Throughout the principal ore-producing area of the Highland Boy 
limestone, the formation dips to the north at about 30®; up the dip, the 
formation is thrown into a succession of minor rolls so that the top of 
the limestone, in Utah-lletals ground, is at about the same elevation as the 
top in Highland Boy ground, to the north. Down the dip, the formation 
steepens and becomes practically vertical; the west end of the Consoli- 
dated 1600-ft. level shows a low dip to the north while the central and 
eastern portions of that level show steep northerly dips. The strike 
changes from south of east, in the eastern portion of the mine, to south 
of west in the western portion. 

A number of faults, of comparatively minor importance, dislocate the 
various beds at intervals. A number of fissure veins, with trend approxi- 
mately parallel to the main porph3rry mass, cut the formations; they 
increase in number as the porphyry contact is approached. 

Outcrop of Highland Boy Limestone 

The outcrop of the Highland Boy limestone is not a simple one but 
is complicated by porphyry intrusions and by minor folding as well as 
by being covered, in certain localities, by alluvium. From east to west, 
the first definitely correlated area begins on the Omaha and Lorena claims 
and extends westerly from near the portal of No. 7 tunnel to where inter- 
rupted by faulting and folding, the result being to throw the outcrop 
southerly about 300 ft. Portions of this occurrence extend to ground 
covered by the Henry M. and Highland Boy claims. The dislocated 
portion of the outcrop occurs on the Troy, Sunset, Washington, Miner's 
Home, and Highland Boy Fraction claims. Two small occurrences 
southerly from the Seek-No-More portal may be Highland Boy lime- 
stone. The limestone at the Mountain Mayd portal is correlated as 
Utah Metals limestone. 

An anticlinal fold is found near the intersection of the Highland Boy 
limestone and the Occidental Fault. 

Highland Boy Limestone Underground 

Three principal varieties of rocks are included in the limestone under- 
ground: A white altered rock that may be either limestone or marble, 
limestone altered to a rock in which lime silicates predominate, and 
unmetamorphosed blue-black limestone. 

The rock that encloses the orebodies of the Highland Boy copper zone 
usually consists of all gradations between the white limestone and the 
silicate rock; at no point does the black limestone come in contact with 
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the ore. VariouB beds of quartzite occurring within the limits of the Ume- 
stone have not ever 3 rwhere been differentiated from the limestone. 

A great block of black limestone, almost entirely unaltered and 
unmetaJlized, separates the two horizons — ^the Highland Boy and the 
LeadviUe. Except for an occasional fracture, this ground, the central 
portion constituting a zone about 1000 ft. in width, is unmetallized 
and imbroken. 



Fia 6 . — ^Utah Conboitoatbd 1600-pt. usvan. 


The nonnal white limestone may be almost completely devoid of 
metallic sulfides, as is the condition on the 1600-ft. level, Utah Consoli- 
dated, in the crosscut southerly from a point a short distance west of the 
13-67 winze. Out of thirty-five samples from the base of the limestone 
to the base of the first thin overlying quartzite bed only £Lve samples 
showed copper and the content ranged from 0.05 to 0.29 per cent. Not 
one sample csoried a trace of lead (see Eig. 5). 
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From the long northwest crosscut, Consolidated seventh level (see. 
Fig, 6) eighty-one samples were taken. Of these, twelve carry copper up 
to 2.00 per cent.; only two samples carry lead and both are under 1.80 
per cent. These samples were taken across the entire limestone less than 
400 ft. westerly from the great copper stopes and show clearly the 
barrenness of the formation close to the most intense metalhzation. 

Highland Boy Copper Oreshoot 

The tremendous ore zone that made the Highland Boy mine famous 
rakes northeast at an angle approaching 30®. The length of the minerd- 
ized area is nearly 4000 ft., its greatest thickness about 400 ft., greatest 
width 1200 ft,, and the vertical range of the ore mined more than 1000 
ft. This zone probably contained more than 50,000,000 tons of heavily 
mineralized ground, a considerable portion of which was too lean to mine. 

The copper content of the lode has been variable; the zone of secondary 
sulfide enrichment has produced the principal portion of the profits won 
from mining. The orebodies of the northeast, or lower portion of the 
zone, are low in grade and the tonnage of commercial ore small. Possibly 
an average figure for the copper content of the orebodies of this portion 
of the mine would not exceed 1,40 per cent. 

It is obvious that the intruded formation, in proximity to the central 
Bingham monzonite core, wm shattered and fissured to a remarkable 
extent. The entire mass of the ore zone may be considered as the replace- 
ment of the main body of- the limestone, not only in the fissures, or veins, 
themselves, but in more or less shattered and crushed limestone between 
the veins. This eastern area might be termed a zone of penetration into 
which the metallizing medium moved en masse. That any of these sul- 
fides, except possibly near the porphyry, were fluid or molten and non- 
aqueous, seems difficult to visualize, but perhaps there is a somewhat 
different conception of its flowing through the weight of the superin- 
cumbent material while in a partly mobile condition. Doubtless this is 
a factor in all dike movement but the nature of the penetration here, 
especially the replacement of the coimtry rock, argues for a more 
mobile condition. 

A conspicuous set of veins parallels the periphery of the porphyry; a 
second set strikes about parallel with the strike of the limestone and dips 
usually somewhat more steeply to the north than the bedding. Fissures 
with other strikes and dips are of minor Importance. On the Consoli- 
dated seventh level, the metallization has extended into the quartzite 
below the limestone but only locally has this ore been of sufficiently high 
grade to warrant mining. 

The commercial metallization of the Highland Boy lode has been 
localized below an east-west trending dike which dips steeply to the north. 
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In places, this dike splits and the included limestone masses have been 
replaced by ore, but at no place has ore in quantity been removed from the 
north side of the dike. One unprofitable stope, from which 100 tons were 
removed during exploration, occurs north of the main mass of the dike, 
known as the Alice W., but even this minor occurrence was south of a 
finger of porphyry probably connected with the main dike. The dike 
extends westerly beyond the limits of the known metallization. It is a 
curious fact that the swelled portion of the dike parallels the lode. The 
outcrop of the dike is a conspicuous surface feature of the Lorena claim 
and to the east and west from this clftim. The dike joins the main 
porphyry mass to the east (see Kgs. 1 and 13). Not oidy is the dike a 
conspicuous limit of ore but the conditions between the dike and underlying 
quartzite were unusually favorable to ore deposition. This zone acted as a 
channel or conduit. The added temperature and pressure within the con- 
fined space enabled the ore-forming solutions to penetrate the interior of 
the rock to an unusual extent. 

The Leadville Orebodies and the Dana-LeadmUe Vein 

The Leadville orebodies, consisting mainly of lead-zinc-silver, but 
with subordinate copper ore, occurred in the Highland Boy limestone 
to the northwest of the copper oreshoot. They lay almost entirely on 
the upper side of the Leadville fault plane; the strike of this “break” 
is usually N 30® E and the dip about 70® to the east. On the Z level, 
the vein is faulted by the Occidental Fault and only a small amount 
of ore occurred above that level. 

On the Z level, a band of bedded ore, in limestone, extends easterly 
from the main “break” for about 200 ft. This ore is low-grade lead-zinc- 
silver with possibly some copper. Below the level to the sbrth floor above 
the 1300-ft. level, the bedded ore was stoped practically continuously; at 
the sixth floor, the thickness and grade made mining unprofitable and the 
dioot apparently died out entirely at about the 1300-ft. leveL To the 
north of the lower portion of the bedded stopes, ore made in and near the 
Leadville "break” and was continuous with the vein or fissure. This ore 
extended to the twelfth floor above the 1300-ft. level and had a maximum 
horizontal extent, parallel to the Leadville, of more than 300 ft. The 
stopes rarely exceded 26 ft. m thickness. Below the 1300-ft. level, the 
ore made to the 1500-ft. and deeper, in two large bodies which were 
connected by a thin ore band, but ibe continuous thickness known above 
the 1300-ft. level was missing. 

On the 1400-ft. level, a third oredioot, of minor importance, came 
m to the north of the two shoots previously mentioned. 

The rocks enclosing the Leadville ore are black limestone and quartzite 
but predominantly limestone. Below the 1600-ft. level, heavy p3nite 
occurred persistently in the quartzite. 

VOL. LXX. — 68 
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The Dana-Leadville vein is well developed on the Apex surface on the 
Chas. A. Dana claim and underground on many of the upper levels. 
Work near the surface, during the litigation, demonstrated that this vein 
possessed extralateral rights, but continuity to the Leadville coimtry has 
never been established. The relation of the known veins led to the selec- 
tion of the name Dana-leadville to represent this system. They have 
been produced by the same general forces and metallized by the same solu- 
tions at probably the same time. Actually the veins may overlap, unite 
upward on the dip, or may be equivalent but displaced by faulting. In 



Fig. 6. — Utah CoHSOLmAxim shvehth IiHvhl. 


my opinion, the Leadville vein unites upward with the vein formerly 
known as the Dana. 

Ore in Qmrizite 

Ore occurred in quartzite in the Oregon stope on the 40 level. This 
was a portion of the H ighl a nd Boy orebody near its upper termination. 
Ore occurred in the thin quartzite band in the TTi ghlATirl Boy limestone 
on the 40 level but the first-mentioned occurrence is in the overl 3 dng 
quartzite. The ore extended 20 ft. or more into the overlying quartzite. 
The rock surrounding the northern portion of the Oregon stope is a 
heavfly metallized quartzite showing unmistakably that the ore removed 
was s imilar except as to grade (see Kg. 7). 
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In the LeadviUe country, much ore occurred in the quartzite under- 
lying the Highland Boy limestone, particularly on the 1400-ft. and 1500- 
ft. levels and in the intervening stopes. In 16-5 stope, ore extended 
horizontally for 40 ft. into the quartzite or for 20 ft. when measured at 
right angles to the bedding. Numerous specimens, from which thin 
sections were made, showed the true character of the rook. 

The Dana-Leadville vein, on the new Apex 100-ft. level, showed a 
large body of mill ore clearly in the quartzite. This ore, to the north and 
east, spread into the beds and oociirred predominantly in the quartzite 
underlsdng the Parnell limestone. It is a matter of more recent develop- 
ment that the Utah-Apex mill has run largely on quartzitic ore during the 
last several years. 



Prom the foregoing examples, it is evident that ore did and does occru: 
in the quartzite in the disputed area. That the orebodies have been 
predominantly in the limestone is not disputed; but if ore occurs in rela- 
tively small amounts in quartzite, it is outside of the claimed limits of a 
limestone lode. 

Mtninq Ghologt of Obebodixs jn Yampa Limestone 
Succession 

The detailed succession of rocks, from top to bottom, adjacent to the 
Yampa limestone is as follows: 

York-Petro limestone, 1-10 ft. 

Quartzite, with at least seven thin included limestone beds, total of 
300 ft. 

Parnell limestone, 30-50 ft. 

Quartzite,, 220 ft. 

Bullard limestone, 5-20 ft. 
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Quartzite, with at least one limestone bed about 20 ft. in thick- 
ness, total 400 ft. 

Yampa limestone, 200-300 ft. grading to quartzite in western- 
most exposures 

Quartzite, 200-300 ft. including several thin limestone beds near 
the top. 

Some porphyry occurs in the Yampa limestone but, in general, it is 
conspicuously absent except in the eastern portion. One sill-like occur- 
rence, in the Yampa vein, extends downward from the Consolidated 
1300-ft. level; it is also found on various lower levels. 

Folding and FauUing 

Near the top of the well-known Petro orebodies, the Yampa Limestone 
suddenly turns from its usual 30° north dip to a vertical dip. The base 
of the formation, including the Yampa vein, dips quite uniformly at 
nearly 90° below this turn or fold. The top of the formation is more com- 
plexly folded and the entire formation had thickened materially with the 
usual fracturing and dose folding coincident with such thickening. 

The sharp bend in the Yampa limestone, starting just below the Apex 
lOOO^ft. level, in the eastern section of the mine, bears a special relation 
to the fracturing of the limestone and, therefore, to the localization of the 
orebodies. The quartzites, above and below the Yampa, were relatively 
competent beds and stood the strain of the bending better than the lime- 
stone but nevertheless these beds were also much fractured. The folding 
produced a series of fissures in the limestone; these were parallel, or ap- 
proximately so, to the bedding. Conspicuous among them are the 
Parvenu and Sambo Spur veins. Assuming that at the time of the 
Yampa Vein metallizarion there was still a plentiful supply of copper- 
bearing solutions, a condition which I doubt, the solutions to gain access 
to the Parvenu and Sambo fissures either had to come in from the east 
or through transverse fractures from the Yampa vein. The former 
route appears to have been blocked by the silicated contact metamorphic 
zone and there were no transverse fissures at this stage of the vein forma- 
tion; consequently no copper-bearing solutions penetrated the ground in 
which the TJtah-Apex orebodies are now found. 

Later the settling of the porphyry produced the transverse fissures, 
conspicuous among them being the Petro and the Dana-LeadviUe. These 
fissures, particularly the Petro, intensified the fissuring and fracturing in 
the vicinity of the bend and, when the lead-making solutions came 
throu^, conditions were favorable and the orebodies were formed. The 
present condition of fracturing is the sum total of all of the stresses at 
all times and certainly considerable has occurred since the orebodies were 
formed. The change from the northwest to the southwest strike intro- 
duced a tension in the central segment in addition. The folding ante- 
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dated the intrusion of the porphyry and there is a reasonable doubt if the 
intrusion of the porph3rry seriously disturbed the beds, as it may have 
quietly eaten its way by marginal assimilation. 

Later faults, without mineralization worthy of special mention, are 
the Nellie Bly, Major, Andy, and Yampa East. Locally pjrrite can be 
found in all of these faults. 

Outcrop of Yampa Limestone and Apex of Yampa Vein 

From east to west, the course of the Yampa limestone can best be 
noted by referring to Fig. 1. It will be seen that the formation extends 
through the Mercer No. 2 east end line. The outcrop to the west is fairly 
regular with the apparent variations in thickness due largely to the topog- 
raphy. Near the west central portion of the Yampa claim, a marked 
variation in petrographic content is to be noted; possibly a thin bed of 
limestone occurs at the Inland portal but the rock to the north, in the 
area which should be occupied by normal Yampa limestone, is a calcare- 
ous quartzite or a pure quartzite. The explanation is that the limestone 
beds ‘leather out*' to the west and the wedges of quartzite coming in 
from the west disappear easterly in a similar manner. 

Throughout the central portion of the area, the Yampa vein occurs 
normally at the base of the Yampa limestone. The outcrop is oxidized 
and from 2 to 20 ft. of gossan have replaced the original sulfides. One 
apparent slight dislocation, not observable with certainty at the surface, 
occurs where the Petro vein cuts the Yampa vein just east of the .east end 
line of the Yampa Extension claim. The Yampa vein throughout the 
extent of its apex dips north at low angles, usually about 20° to 25°, 

Just east of the probable position of the Petro vein, on the Mercer No. 

2 claim, occurs the last known exposure of the Yampa vein. On the 
Treasure claim, but within 100 ft. of the Mercer No. 2 east end line, occur 
several exposures of a reworked rock which is now a recent conglomerate 
or alluvium. It is possible that this represents a disintegrated remnant 
of the Yampa vein lying not necessarily far from the original position of 
that vein. The position of the apex to the east of the creekis inconclusive, 
but it may be assumed probable that this crosses the east end line of the 
Mercer No. 2 claim either at the surface or a short distance underground. 

The Yampa vein crosses the south side line of the Yampa claim 
about 300 ft. east from the southwest comer. This is the projection 
of the Inland vein as the wash of Sap Gulch covers the apex of the 
vein. Possibly a “ split ” from the vein may occur a short distance to the 
west, as this is the condition on the Inland level not far below the surface. 
Southerly from the Inland, the vein has a southeast trend due to a com- 
bination of flat dip and topography. Possibly the extralateral sweep 
along the Yampa vein may be limited on the west by a plane passing about 
300 ft. east of the west end line of the Yampa claim. With the exception 
just noted, the extralateral sweeps of the claims, in which the Yampa 
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vein apexes, pass northerly in such a manner that all the ore mined by 
the Uta>h-Apex, in the Yampa limestone, is included within their limits. 

The Yampa Y&in Underground 

Undei^rotmd, the Yampa vein is a normal fissure vein lying at and 
near the contact between the Yampa limestone and the underlying 
quartzite. This contact is one between a competent and a relatively 
incompetent formation and is necessarily a plane of weakness along which 
fissuring would tend to localize. Accordingly, breccia and gouge occur 
and more often they extend into the brittle quartzite below than into the 
less brittle limestone above the contact. When the solutions carrying 
copper and iron penetrated the fissure, the conditions of temperature and 
pressure were such that deposition of the metallic sulfides took place and 
the Yampa vein was formed. In the ground directly up the dip from the 
Utah.-Apex workings, lead mineralization is really limited to one locality 
— the extreme west end of the Consolidated 1300-ft, level. A foot of good 
galena occurred in the lower portion of the Yampa vein; the horizontal 
extent was about 100 feet. 

The various Yampa van workings, reached from the 7-16 diaft, show 
that a considerable portion, possibly the major portion, of the ore from 
these workings was lead ore. From the 4C to the fifth, seventh, T, and 
Z level, etc. are conspicuous examples of this metallization. It is note- 
worthy that the overlying limestone is invariably black and that the vein 
is narrow, probably not exceeding 15 ft. as a maximum thickness. The 
orebodies are replacements of gouge and breccia and the vein a clear 
example of a fissure vein. 

Separating the various lead orebodies, which were mined from the 
the 7-16 shaft, are considerable distances where there is no mineralization 
at the contact. The limestone and the quartzite meet with practically a 
knife-edge contact and with neither gouge nor breccia. Elsewhere some 
mineralizarion took place, usually too narrow or too lean to warrant 
mining. 

On the west end of the Consolidated 4C level, and also between the 4C 
and the Inland levels, the Yampa vein splits into two portions; one, 
perhaps both, pass into quartzite which takes the stratigraphic position 
of limestone farther east. 

In the workiigs of the Utah Consolidated adjacent to the 1300 1500, 
and 1800-ft. level workings of the Utah-Apex, the Yampa vein differs 
from elsewhere in that a siU-like porphyry sheet parallels the vein. This 
is true for more than 1000 ft. on the Consolidated 1600-ft. level and for 
lesser distances, as developed, elsewhere. Westerly on the 1600-ft. level 
the vein, including the porphyry sill, lies in the quartzite. 

The Yampa case model, Ilg. 2, shows that the stoped portion of the 
Yampa vein is a sheetKke body separate and distinct from the orebodies 



OBBQf P. PBTSBSOK 


919 


occurring in the heavily metallized section near the “bend” in 
that formation. 

The Split Vein 

At, or somewhat above, the point where the bedding of the Yampa 
limestone begins to steepen, a vein “splits” off from the Yampa vein 



Fio. 8 . — Utah Consolxdatidd ISOO-rr. ussmh. 


and dips northerly at about the angle of the Yampa vein before it assumed 
the steeper dip of the contact below thefold. The “split” is a fissure vein 
cuttii^ across the limestone bedding and dipping about 45° northerly. 
It is seldom more than 8 ft. thick. In going westerly, along the strike, 
the point of junction with the parent vein drops lower and lower until, at 
8560E, the point of junction is at about the 6400-ft. devation; while at 
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8800E, it •was at 6500-ft. elevation. Some, perhaps the major portion 
of this apparent rake is due to the faulting on the Yampa East and 
Petro faults. 

Down the dip, the split vein is known for several hundred feet, this 
beii^ the maximum distance, below its junction with the Yampa vein. 
It is almost continuous along the strike; in the north crosscut, through the 



Fig. 9. — ^Tbanstjsbsb sectton " K ” of Pbteo thin: cotmsB of sbction N 59° E. 
XHBOxrOH 9965N Ain> 8506E. 


Yampa limestone on the Consolidated 130O-ft. level, Fig. 8, starting at 
coSrdinates 9350E-9600N, no certain split can be identified. 

Practically no commercial copper ore has been mined from the split 
vein; usually good ore made at the junction ■with the Yampa vein. 
The metallization is normally copper and iron sulfides but near the Petro 
vein, Consolidated 1300-ft. level, important quantities of galena occurred 
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in the split vein; the galena decreased in quantity with distance from 
the Fetro and less than 50 ft. from the Fetro the split again becomes the 
normal copper vein. 

The Fetro Yein 


The Fetro vein strikes northwest-southeast and dips southwest at 
50° to 60°. Dips under 50° are known and so are dips greater than 60°. 



Fig. 10. — Utah-Apek 700-ft, lanvai.. Sample 448 up and down pace in mbsukb; 

BEMAINING SAMPLES IN BOOP ACBOBS OBE-BEABINQ PABT OF PISSUBE. 


The Fetro is a fault-fissure vein in which the gouge and breccia have 
largely been replaced by ore mineralB. From the Apex 1500-ft. to the 
1400-ft. level and above, ore made conspicuously in the vein itself and 
occurred banded parallel to the strike and dip of the vein. From the 
900-ft. Apex level to the 1300-ft., and in some instances below the 1300-ft., 
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the normal occurrence is that the metallizing solutions coursed along the 
fissure and penetrated the easily replaceable limestone near it and was 
there deposited. It is therefore true that the greater portion of the ore 
of the Petro vein lies in the limestone, contiguous to the fissure, with 
attitude approximating that of the limestone bedding. With the 
exception of the lower portion of 9-stope, Apex 1500-ft. level, and con- 
sidering the stoping up to the end of 1919, no ore made in quantity at a 
perpendicular distance from the Petro of more than 160 ft. (see Fig. 9). 

The orebodies of the Petro vein, of the lead-zinc-silver type with 
pyrite, are disconnected pods, lenses or chimneys. They have a decided 
rake to the southwest. 

The Petro vein carries much cupriferous pyrite and galena in the 
quartzite above the Yampa limestone. In the so-called Lindgren drift. 
Apex 700-ft. level, the vein is typically developed with the solid sulfide 
occurring up to several feet in thickness (see Fig. 10). 

The Petro outcrops on the surface; it is developed for a vertical dis- 
tance of more than 2000 ft. and for over 3000 ft. on the dip of the vein. 

Two important subsidiary veins are known as the Sambo spur and 
the Parvenu spur. These spurs strike east-west and dip at steep angles 
usually northerly. Most of the ore mined by the Utah-Apex from the 
Yampa limestone has come from the Petro vein and from these two spurs 
close to the Petro. 

RelaHon of Pekro and Yampa Veins 

The mineralization along the Petro vein breaks the continuity of the 
Yampa vein and is distinctly later. This is particularly well shown on 
the Craig and 1300-ft. levels. The post-mineral movement along the 
Petro displaces the Yampa vein and it is not possible to say how much 
faulting occurred along the Petro before it was metallized; some displace- 
ment certainly occurred. The essential thing is that an intersection of 
veins is conclusively shown. In the raise from the top of 5E stope, 1300- 
ft. Utah-Apex, the ore made to about 15 ft. vertically below the Petro 
and the remaining groimd below the Petro was only slightly metallized. 
The Petro is here t3T)ically developed and the top of it is a distinct fault 
plane, with the split vein abutting against this plane. The veins are in 
close juxtaporition but the occurrence substantiates the other evidence 
that tilie veins are intersecting veins. A well-defined fault plane, parallel 
to the split vein in strike and dip, appears on the north side of the 1400-ft. 
Apex orebody and continues northerly at its normal dip. This is further 
evidence that the veins are intersecting veins. 

Yampa JAmestone Underground 

The metamorphism of the Yampa limestone, which is at a maximum 
in the eastern workings, nearest the porphyry, decreases and practically 
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entirely disappears to the west. The occurrence of metallic sulfides also 
decreases westerly, except that they are most strongly developed just 
south of the Apex main shaft. The eastern zone shows limestone altered 
to marble, lime silicate, and ore ; westerly, the limestone becomes black in 
color and comparatively unmetamorphosed. 



Fig. 11. — ^Y. E. Tunnel level, Utas Consolidated mine. 


Reference to the sampling on the Consolidated Y. E. (Kg. 11), and 
the Consolidated 1300-ft. (Kg. 8), will give the best idea of the general 
metallization of the Yampa limestone in certain areas. 

The stratification is one of the conspicuous features of the Yampa 
limestone; it is practically always easily seen and the statement, fre- 
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queutly made in connection with, limestone-bed litigation, that the 
bedding has been obliterated by the fissuring and metamorphism, is in 
no manner applicable to it- 

Metallic Sulfides in the Quartzite above and "below the Yampa Limestone 

On the Yampa Extension level, in the overlying quartzite, lead sulfide 
occurs in considerable quantity (see Fig. 11). 



Fig. 12. — ^Utah Consolidatbd 1400'irT. level. 


On the old Apex 900-ft. level, the top of the oreshoot extended well 
into the calcareous quartzite lying between the Yampa limestone and 
the overlying quartzite. The Petro vein. Apex 700-ft. level, carries a 
continuous band of lead sulfide (see Kg. 10). An orebody, 60 ft. in 
width, occurred in quartzite on the 4C level, where the Yampa limestone 
feathers out to the west. 
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The sub-Yampa quartzite, Consolidated 1400-ft. level, is strongly 
impregnated with cupriferous pyrite (Fig. 12). An average of about 7 
per cent, iron sulfide with about 3 lb. of copper to the ton is carried in this 
quartzite for nearly 500 ft. in thickness. The total copper and silver in 
a cube of 1000 ft. runs into startling figures. 

From the foregoing examples, it is evident that ore does occur in the 
quartzite and that the general metallization of this rock is normally 
equivalent to that of the metamorphosed limestone, away from the 
orebodies, if it does not actually exceed it. 

Origin of Veins 

Attention has already been drawn to the fissuring and the fracturing 
produced during the early folding of the sediments. Some additional 
fissuring was produced when the porph3ny intruded the country rock but 
the importance of this is not so easily ascertainable as the porphyry could, 
and doubtless did, to a large extent, eat its way into the sediments by 
marginal assimilation. If it did not eat its way by marginal assimilation, 
it seems to me the porphyry came in with a rush and thrust the sediments 
aside bodily and thus produced an actual displacement of the beds as a 
whole rather than in smaller units of volume. The settling of the por- 
phyry, subsequent to cooling, produced a set of fissures parallel to the 
periphery of the mass and these, when later metallized, became the lead 
veins as we now know them. "When these fissures were formed it is prob- 
able that the copper metallization was waning and the solutions depleted 
of that metal and richer in the lead-zinc metals. The latter solutions were 
essentially lead bearing and the ore was formed in the peripheral veins 
and to some extent as overlapping waves superimposed on the copper ores. 
It is, of course, admitted that some lead came out with the first ores, which 
were essentially copper, but the lead was held longer in solution and carried 
farther from the source. Similarly, some copper came out with the later 
lead solutions and we find some copper ore in the Leadville and Petro 
stopes, particularly the former. With the overlapping of metallization, 
it is not surprising that some occurrences are obscured. Successive waves 
of minerals superimposed second and possibly third sets of sulfides on the 
first set. Several fissures, which cut the Yampa limestone, form small 
orebodies at the base of that formation, in the country west of the Apex 
workings, and these orebodies extend but a short distance from the 
fissures, usually less than 50 ft. When this condition overlaps the copper 
of the Yampa vein, a situation such as was found in the Consolidated 
1300-ft. level, east and west of the Petro, becomes clear and its significance 
apparent. 

The copper ore did not make to the Parvenu zone of the Yampa lime- 
stone because there were no transverse fissures to bring the solutions into 
that territory. It is also possible that the main force of the copper metal- 
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lization had been spent in the Highland Boy lode since there could not 
be an unlimited quantity of copper-forming solutions. 

The conclusion is obvious that, genetically, there was a difference in 
the time of deposition, if not an actual slightly different source of the 
metallizing solutions. By this I do not mean that the lead came from 
another source tha n the monzonite but that the greater part of it came 
from a different center, or came subsequent to the copper, even if it did 
come from about the same position. The copper came out in the first 
wave of metallization and penetrated en masse the broken up, easily 
replaceable limestone, nearest the porphyry. 

This penetration may to some extent include Spurr's^ idea of the 
intrusion of vein dikes very near the porphyry but certainly not at a 



Fig. 13- — ^Teanbvebse SEcnoisr “7500” op Highdand Box umbbtonb; coussb op 
N 0® E. ON 7500B, viewed pbom bast. 

greater distance. Considerable experience in Mexico leaxis me to say 
that Spurr^s explanation of the vein dikes is applicable to many of the 
metalliferous veins, particularly these of Pachuca. The penetration of 
the metalliziiig solution, as at Bingham, into a soluble rock, argues 
strongly for a solution that is highly mobile and, therefore, probably 
highly aqueous. As a feature that differs slightly from Spurt's conception 
I thought of many of the Pachuca veins as being formed by a heated ore 
magma, more or less viscous, flowing into an open fissure filled with water. 
The resulting mixture was somewhat aqueous even if the ore magma 
carried little or no water gas. 

Decisions op Tkial Cotjet 

The concluding paragraphs of Judge Johnson's decision in the High- 
land Boy case are as follows; 

* J. E. Spurr: ‘‘The Ore Magmas.” McGraw-Hill Book Co. New York, N. Y., 
1923. 
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In the caee at bar we cannot say that the whole of the Highland Boy limestone has 
been profoundly broken, altered and mineralized, and has thereby obtained an indi- 
viduality which, apart from other differences, clearly distinguishes it from the 
neighboring rock. 

On the contrary, in this case we have a large body of limestone lying between the two 
orebodies, comparatively unbroken, unaltered, and unmineralized . 

In this case we cannot say, as was found by the court in the Lawson case, that the 
orebodies are not separated, one from another, by any defined boundaries. 

On the contrary, in this case the orebodies are separated by the inclosing porphyry 
sheet and fingers and by the barren, unmineralized, and comparatively unbroken and 
unaltered limestone. 

It has not been shown by extensive exploration or actual mining in the Highland 
Boy limestone that the mineralization has been so general that its only defined limits 
are the quartzite walls which bound the limestone, or that within it one may reason- 
ably expect to encounter ore by driving or crosscutting in any direction, as was found 
by the court in the Lawson case. There has been only a limited exploration and no 
actual mining in the great mass of limestone l3mag between the two orebodies in the 
Highland Boy limestone. This limited exploration shows no mineralization above, 
and but slight mineralization below. If this condition of the limestone continues 
throughout its mass, the miner would not encounter ore by driving or crosscutting in 
any part of it, whatever his expectations might be. 

The contention of the defendants in the Lawson case, stated in finding numbered 
5 above, has no parallel in the contention of the plaintiff in this action. 

It cannot be said m this case that the ores of the LeadviUe orebody lose their 
identity, or that they cannot be distinguished from the orebodies found in the High- 
land Boy limestone above, as was found by the court in the Lawson case to be the 
condition with respect to ores claimed by the defendants to belong to the Ashland 
fissure. 

It was conceded in the Lawson case that there were no walls separating the cross- 
fissures from the bodies of ore in the limestone. 

In this case it is insisted with great earnestness that the porphyry sheet and 
fingers and intervening limestone constitute a definite, certain, and well-defined 
boundary separating the two orebodies. 

On the other hand, in the Lawson case many of the facts are the same as, or similar 
to, the facts in this case. The orebodies which were the subject of litigation in the 
Lawson case were located only a few thousand feet from the orebodies which are the 
subject of litigation in this case. The Jordan limestone and the Highland Boy 
Limestone are parts of the same sedimentary bed, and each lies between the same 
underlying and overlying quartzite. The sedimentary beds were subjected to the 
same forces by which they were uplifted and more or less tilted and bent as we now 
find them. In both, the sedimentary beds have been more or less broken and pene- 
trated by masses of porphyry ascending from the deep. In both, the predominating 
minerals are copper and lead, found mainly in the limestone, deposited there by 
replacement from solutions coming up from the masses of porphyry beneath. In 
the Lawson case the court found the whole of the Jordan limestone to constitute one 
broad lode. In this case it is admitted that the upper segment of the Highland Boy 
limestone constitutes one broad lode. In both the Jordan and the Highland Boy 
limestones and the quartzite and other limestone beds l3dng above, are found numer- 
ous faults and fissures, some of them, as the Ashland in the Jordan and the LeadviUe in 
the Highland Boy, containing mineral. Except as heretofore noted, in both the 
limestone is similarly broken, altered and mineralized. 

The expert witnesses oaUed by the defendant gave it as their opinion that the High- 
land Boy limestone intervening between the upper orebodies and the LeadviUe ore- 
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body may be prospected by the miner with reasonable expectation of finding ore by 
crosscutting in any direction. It is the opinion of these witnesses that the Highland 
Boy limestone is one broad lode. 

The expert witnesses for the plaintiff gave it as their opinjon that the upper ore- 
body below and south of the intruded sheet and fingers of porphyry is a broad lode, 
and that these porphyry intrusions constitute its northern boundary. It is the opin- 
ion of these witnesses that the Leadville orebody is a distinct entity, and tnat the 
intervening limestone is unmineralized and barren and constitutes no part of either the 
upper lode or the Leadville orebody. 

The experts called by the respective parties and who have testified in this case are 
men of great learning as geologists and of wide experience as mining engineers. I do 
not question the sincerity of any one of them. The opinion of each group commands 
attention and respectful consideration. So evenly are they balanced in learning and in 
experience that it would he diflScult to determine on which side is the greater weight of 
the evidence, if it was not for the existence of an undisputed fact in the case confirming 
the opinion of the expert witnesses called by the plaintiff. 

The witnesses for the defendant testified that this intervening limestone was 
ground in which the miner might reasonably expect to encounter ore by driving or cross- 
cutting in any direction. As stated by counsel of the defendant in their brief, for 
more than twenty years this property has been operated by the defendant and its 
predecessors, during which time there has been taken from the mine ore of the approxi- 
mate value of forty million dollars. Notwithstanding such immense resources, the 
defendant has failed, except to the limited extent heretofore indicated, to prospect this 
limestone or develop it. 

I cannot escape the conviction that if there was reasonable expectation of finding 
ore by driving or crosscutting in any direction in this limestone, the defendant, as a 
practical miner, at the time it ran tunnels and drifts through this intervening limestone, 
or since, would have crosscut the limestone, and that it would have extended some of 
the many short drifts and crosscuts now terminating along the upper and lower edges 
of this undeveloped country. 

The barren limestone lying between the upper lode and the Leadville orebody 
breaks the continuity of the lode, and the question of the exact identity of wall or 
boundary is unimportant, “In the existence of such body and to the extent of it,” 
as stated by Judge Hallett in the Cheesman case, 116 U. S, 536, language approved by 
the Supreme Court of the United States, “boundaries are implied.” 

I am of opinion that the broad lode apexing within the mining clainas of the defend- 
ant does not include within it the intervening barren limestone or the Leadville 
ore body. Judgment will be entered for the plaintiff. ' 


Judge Johnson's decision in the Yampa case is as follows: 

The question for determination in the cases now under consideration is the owner- 
ship of certain orebodies found mainly in the limestone bed called the Yampa lime- 
stone, The Utah Consolidated Mimng Co., the plaintiff, claims that the Yampa 
limestone is a broad lode and that the orebodies in dispute, found in the Yampa 
limestone beneath the surface of the mining property of the defendant, belong to and 
are the property of the plaintiff by virtue of the extralateral rights conferred by the 
laws of the United States in such cases. 

The defendant denies that the Yampa limestone is a broad lode and the 
ownership of the disputed orebodies on two grounds: 

First. — ^Because it is the owner of the mining claims within which the disputed 
ores are found; and 
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Second. — ^Because, as it asserts, the disputed ores are found within a vein whose 
apex is within the boundaries of mining claims owned by it, and that it is the owner of 
the orebodies claimed by the plaintiff by virtue of the extralateral rights conferred 
by the laws of the United States. 

These suits were brought by the plaintiff to enjoin the further removal of ores from 
said Yampa limestone by the defendant, and to secure an accounting for the value of 
the ores already removed. 

The Yampa limestone has been mined and developed by the plaintiff -and its 
predecessors along its dip a distance approximately of 3000 ft., and along its strike 
about one mile. 

There is a marked difference in the appearance of the orebodies found in the Yampa 
limestone and in the appearance of the orebodies foimd in the Highland Boy lime- 
stone, as is clearly shown by the maps and models introduced in evidence in the High- 
land Boy case and in these cases. The maps and models show in the Highland Boy 
limestone an immense deposit of ore made up of a great number of closely associated 
and related orebodies, extending from the quartzite below to the quartzite above, from 
200 to 1000 ft. in width, and raking along the dip of the limestone in a northeasterly 
direction a distance of approximately 3000 ft. The maps and models show in the 
Yampa limestone to the south the orebodies. developed by the plaintiff and its prede- 
cessors; to the north the orebodies developed by the defendant and its predecessors. 
The orebodies developed by the plaintiff and its predecessors consist of a fiat sheet of 
ore whose apex is shown on the models extending a distance of approximately 2500 
ft. within the boundaries of the mining claims of the plaintiff. This fiat sheet of ore 
divides into two branches as it descends beneath the surface along the dip, one branch 
extending towards the northwest, the other towards the northeast and in the direction 
of the orebodies developed by the defendant and in dispute in these actions. In the 
neighborhood of the disputed orebodies the fiat sheet turns over and becomes nearly 
vertical. It has an average thickness of 5 or 6 ft. and lies mainly between the quart- 
zite below and the Yampa limestone above. In the easterly part of the mine this 
ore is copper ore; in the westerly part of the mine, lead ore. 

Commencing near the surface and a short distance bdow the outcrop of the Yampa 
limestone, and extending in a northeasterly direction for a distance of approximately 
1000 ft., there are a number of lead stopes in the limestone above the thin, fiat sheet of 
copper ore described above; and beginning at the easterly end of the lead stopes just 
mentioned there are a group of copper stopes in tue Hmestone above the thin, fiat 
sheet of copper ore, running almost east and west, a distance of 700 or 800 ft. 

Except the group of lead and copper stopes in the limestone above the fiat sheet of 
ore above described, there are no orebodies or mineralization not clearly associated 
with the fiat sheet of ore, until the orebodies in dispute are reached below. 

The limestone above and overlying this thin, fiat sheet of ore — in the country 
intervening between the orebodies in dispute and the local occurrences of lead and 
copper ore in the body of the limestone near the surface, a distance along the dip of 
about 1800 ft., and east and west along the strike a distance of about one mile — ^is, 
except to a very limited extent, undeveloped and unprospected, and, so far as known, 
is practically unmineralized, unchanged, unbroken limestone. 

Considered alone and apart from its environment I do not think it would be seri- 
ously disputed that the thin, fiat sheet of ore and mineralization lying between the 
limestone and quartzite is a fi:^sure vein of which the qu^zite is the foot wall and the 
limestone the hanging wail; and the quesbion for determination is whether, when 
considered in relation to its environment this thin, fiat sheet of ore is itself a vein, or 
whether it is only a broad shoot of ore deposited along the base of the limestone, which, 
in connection with the lead and copper stopes in the limestone near the surface and the 
large bodies of lead ore in dispute in these actions, and other considerations found to 
exist, gives character to and constitutes the Yampa limestone a broad lode, 
yen*. LBc.— 69 
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It is the contention of the plaintiff and the opinion of its expert witnesses that, 
taking into consideration every factor that should be considered in reaching a conclu- 
sion, the thin, flat sheet is only an ore shoot, and that the Yampa limestone is a 
broad lode. 

It is the contention of the defendant and of its expert witnesses that, taking into 
consideration every factor that should be considered in reaching a conclusion, the thin, 
flat sheet of ore and mineralization is a fissure vein with the quartzite as a foot wall 
and the Yampa limestone as a hanging wall, and that the Yampa limestone is not a 
broad lode. 

In these cases, as in the Highland Boy case, the burden of proof rests upon the Utah 
Consolidated Mining Co., and the same considerations which determined the final 
conclusion in the Iffighland Boy case are applicable and controlling in these cases. 
I am constrained to hold that the plaintiff has not by a preponderance of the evidence 
sustained its contention that the Yampa limestone is a broad lode, and I am of opin- 
ion that the thin, flat sheet of ore lying between the quartzite bdow and the limestone 
above is the vein which outcrops within the boundaries of the mining claims of the 
plaintiff, and the vein which gives to the plaintiff extralatral rights beneath the surface 
of the mming ftlaima of the defendant. The orebodies in dispute are no part of 
this vein. 

As this conclusion disposes of these cases, it is unnecessary to decide whether or not 
the orebodies mined by the defendant beneath the surface of its mining claims are 
within or a part of the Petro fissure and subsidiary fissures, and at this time I expressly 
refrain from doing so. 

Judgments will be entered for the defendant. 

Decisions op Cibcuit Court op Appeals 

The decision of the Circuit Court of Appeals, Eighth District, in the 
Highland Boy case stated its opinion in language similar to that used by 
the trial court and affirmed the decision of that court. 

In the Yampa case the decision of the circuit court is as follows: 

In considering the Yampa footwaU vein as it rdates to the mineralization of the 
Yampa limestone we axe of the opinion that it shows too much; that is its extent and 
location tends to show that it is the vein or lode which gives to appellant its extra- 
lateral rights, and thereby negatives to a certain extent the claim that the Yampa 
limestone is a broad lode. 

It remains to consider the question as to whether the orebodies in dispute are a 
part of the Yampa foot-wall vein. Of course, if the claim of appellant that Yampa 
limestone was a broad lode had been sustained, the question now to be considered 
would be immaterial, or, if it had been decided that the orebodies in question were a 
part of the Yampa foot-wall vein, the question of a broad lode would be immaterial, 
but appellant has the right to maintain its title to the orebodies in dispute by urging 
alternative sources of title, although in sustaining one it abandons the other. Before 
taking up the question to be considered certain criticisms made by counsd for appel- 
lant as to the decree entered below may be noticed. There was and is only one major 
issue presented by the pleadings for decision. That question was and is whether 
appellant is the owner of the orebodies in dispute. Appellee asked for no aflSrmative 
relief. It is satisfied with the decree. The decree decided that appellant was not 
the owner of the orebodies in question through either of its claimed sources of title. 
This met the issue presented by the pleadings. No farther decision was necessary 
or proper. The testimony in regard to the orebodies in question was relevant for two 
reasons: (X) For tha purpose of showing that said bodies were or were not a part 
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of the Yampa foot-wall vein; (2) as tending to show the source of the mineralization of 
the Yampa limestone. It is claimed by appellant that appdlee came in contact with 
the orebodies in dispute prior to 1909, by driving what is called in the evidence the 
Parvenu tunnel, and shown upon appellee's 1000-ft. level maps; that this tunnel was a 
crosscut about 2000 ft. in length chiefly in quartzite and entering beneath the surface 
on the west side of Carr fork, and so pointed that, if the Yampa limestone continued 
its northerly dip of 30®, the tunnel would have intercepted the downward extension 
of the foot wall of the Yampa limestone. At the time of the driving of this tunnel, 
however, the steepening of the dip of the Yampa limestone had not been developed, 
so that the tunnel, instead of penetrating the limestone at the foot wall, barely 
entered the hanging-wall margin of the limestone. That some 18 months later appel- 
lee, having exhausted the ore in the upper limestone lodes (Parnell and York Petro) 
began operations in the Yampa limestone, and from these stopes appellee has mined 
a large amount of ore. Appellant, gradually developing its mine and extending its 
workings downward upon orebodies on the dip of the Yampa limestone, or, as appellee 
would say, along the dip of the Yampa foot-wall vein, reached the area entered by 
appellee, and, as appellant claims, made connections in ore with the workings of 
appellee. Appellant further claims that the orebodies removed by appellee were not 
discovered nor developed by following downward upon any ore or from the surface, 
but through crosscuts driven in a southerly direction from the Parvenu tunnel, which 
at that point was 1000 ft. underground, and which had not been driven along any ore 
whatever. Admitting, however, all that is claimed as to the manner in which the 
appellee discovered the orebodies in dispute, we do not see how these facts have any 
bearing upon the queston at issue. Appellee's motive or the maimer in which it 
proceeded has no relevancy in determining whether the orebodies in dispute are a part 
of the Yampa foot-wall vein. As we have stated, however, the claim of appellant, 
we briefly state that appellee claims that the Parvenu tunnel was run entirely beneath 
the surface of its territoiy, that the Petro, Louisa, Dana, and Leonard fissures extended 
from the surface down for a considerable distance at the time of the running of the 
tunnel and were already well known, and that the tuimel was run not only for the 
purpose of making a connection with the bottom of one of appellee's shafts or inclines, 
and as a main channel for getting ore out of its mine, but also with the idea of inter- 
secting these fissures in depth. We omit however any further discussion of this matter 
as immaterial. 

Appellant claims that the orebodies in dispute are a part of the Yampa foot-wall 
vein for the reason that the evidence shows a junction or union of branches or split 
veins, as they are called in the record, extending from the Yampa foot-wall veins to 
and coming in contact with the orebodies or some of them. It is admitted by appellee 
that one of the branches or split veins comes down to the No. 6 orebody or to be more 
specific to the fissure extending up from it where the vein is intersected and cut off, 
but counsel contend, and we think correctly, that an admission that there is an inter- 
section is not equivalent to an admission that there was a union or connection. We are 
of the opinion that the evidence shows that at the only place where the Yampa foot- 
wall vein comes in contact with any of the orebodies in dispute sucL contact consti- 
tutes an intersection and not a junction or union. As has been said before, appellee 
admits that appellant is the owner of such spurs and Efplit veins which are a part of the 
Yampa foot-wall vein. 

All the witnesses for appellee testify that these spurs or veins pinch out or die in a 
comparativdy short distance from the parent vein. Appellee mined the orebodies in 
controversy for eight years before this litigation was commenced, and for six years 
before that time appellant knew that appellee claimed the orebodies in dispute and was 
engaged in mining them. There is abundant evidence to sustain a finding by the court 
that the orebodies in dilute are closely associated with a fissure and its branches or 
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spurs which, extends from the surface downward into the Yampa limestone and not 
mineralogically connected with the vein underlying the limestone bed. This fissure 
was for several years before the commencement of this litigation known in Bingham 
as the Petro. It is so called in the evidence by appellee. In the evidence of appellant 
it is called the Smith fault or fissure. We must assume that the trial court found, 
judging from what it expressly found, that the orebodies in dispute had their origin in 
the Petro fissure. Silver King Coalition Mines Co. v. C onkl ing Mining Co. (April 11, 
1921) 256 U. S. 18, 41 Sup. Ct. 426, 66 L. Ed. This fissure comes down through the 
limestone nearly at right angles to the Yampa foot-wall vein and intersects the 
limestone beds. Its total width is 7 to 8 ft- We are satisfied from the evidence that 
the Petro is the ore carrying channel which mineralized the Sambo or Parvenu ore- 
bodies, which are two separate ore zones related to the Petro fissure. What has been 
said in regard to the effect of the finding of the trial court upon the question of a broad 
lode apply also to its fibndmg that the orebodies in dispute were not a part of the 
Yampa foot-wall vein. As late as Silver King M. Co. v. Conkling M. Co. supra, the 
Supreme Court said: 

^*But the experienced District Judge, after careful consideration, was of the opinion 
that the ore belonged to the vein. We see nothing to convince us that he was wrong. ' ' 

The burden of proof to sustain both contentions of appellant namely, that the 
Yampa limestone was a broad lode, and that the orebodies in dispute were a part of 
the Yampa foot-wall vein, was upon the appdlant. We agree with the trial court 
that the burden was not met. We have not found it possible in an opinion of reason- 
able length to analyze the evidence of the experts who have testified in the case. They 
all have their opinions and theories, but the miner determines what a lode is largely 
from physical facts. 

We have carefully considered the evidence, and are not convinced that the trial 
court was wrong upon either issue passed upon by him. 

The decree below, being in our opinion right, is affirmed. 
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Role of Secondary Enrichment in Genesis of Butte 
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]^Secondary Enrichment Investigation Contribution No. 15] 

By AuGUSTirs IrOCKB and D. A. Hall, San FaANCisco, Calif., and M. N. Short, 

OAMBBiDai:, Mass. 

(New York Meeting, February, 1024) 


In 1900, when the public first heard of “secondary enrichment,” the 
Butte chalcocite seemed clearly supergene. Mining, through succes- 
sive regions of leached capping, bonanza sulfide, and sulfide less rich, 
had paused at lean bottom levels which, though chalcodte-hearing, sug- 
gested the waning of copper. The deepest chalcocite, at 1500 ft., was yet 
too’ shallow to disturb the supergene hypothesis. But, with deeper 
mining, lean levels yielded to fat ones. Here and there they showed, 
within the same vein, an inverted distribution, chalcopyrite above 
and chalcocite below. To the miners’ astonishment, they carried chal- 
cocite, unaffected by cross faults, on an independent course to the depth 
of 2500 ft. The pattern of ore distribution, hitherto revealed only in 
fragments, was now appearing in perspective, and, in the depth of the 
chalcocite, was beginning to make Butte differ from all districts where 
the chalcocite is indubitably supergene. The idea of hypogene origin at 
length came into favor; by 1913, when Sales^ advocated this origin, the 
argument had become a powerful one. 

This argument rested on field evidence; hut, already, there was be- 
ginning to emerge microscopic evidence not included in this argument. 
Especially pertinent was the proof that (1) the deep chalcocite lies in- 
mixed with bomite, often microscopic; (2) the deep chalcocite often 
replaces bomite; and (3) replacement of bomite by chalcocite is accom- 
plished more easily than that of pyrite, enargite, or chalcopyrite. The 
microscopic evidence has been accumulating for ten years and it demands 


* A paper presented at a joint meeting of the American Institute of Mining and 
Metallurgioal Engineers and the Society of Economic Geologists. 

‘ Eeno EL Sales: Ore Deposits at Butte, Mont. Trant. (1913) 46, 3-109. 
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a review, in its turn, of the hypogene hypothesis. Such a review, fitting 
the new facts into the broader field structure, is the purpose of this paper. 

Field Argument 

The commercial study in Butte has provided an impressive compila- 
tion of fact and inference. It has reduced the wilderness of veins to 
orderly record; despite the emphasis on faulting, it has allowed no hypo- 
thesis suggested by field observation to escape, and no hypothesis, not 
showing sturdy qualities against repeated field attack, to survive. The 
chief source of field information on Butte is, obviously, this study. 

The presumption favors the hypothesis of supergene origin. For, 
in districts other than Butte, an overwhelming proportion of the chal- 
cocite is supergene. And, in Butte, within a zone 100 to 1200 ft. thick 
just below the leached capping, there occur bonanza replacements of 
pyrite, enargite, and bomite by chalcodte, in all respects resembling the 
conventional supergene enrichments of these other districts. On the 
broad argument from analogy, all the chalcocite seems supergene. 

The broad argument, however, makes merely a starting point for 
discussion. That discussion must involve such characteristics as de- 
scent of chalcocite to unusual depths, which give to Butte a look of strange- 
ness. It must involve, on the other hand, the exceptional abundance of 
deep-seated bomite there and its ease of replaceability by chalcodte. 
Furthermore, it must question whether or not the deep-channel conditions 
provided by the veins may promote deep enrichment, and whether or 
not the bomite itself is hypogene. 

of Chalcocite with Other Sulfides 

Sales* gives the foUowing evidence as suggestive of hypogene origin . 

The intimate association of chalcocite with bomite, pyrite, and enargite in such a 
manner that all must be regarded as haTing been deposited at the same time and under 
similar conditions. 

With the hypogene origin, the intermixture of chalcocite with other 
sulfides is, indeed, compatible. But it is quite as compatible with the 
hypothesis that the chalcocite has replaced a member of a sulfide 
mixture. The field observation, that the chalcocite is so involved as to 
seem contemporaneous, must yidd to the microscopic observations that, 
when bomite is absent, deep chalcocite is absent, and that deep chalco- 
cite often replaces bomite. Much chalcocite is, then, proved younger 
than the other sulfides and the argument of association is transferred 
from chalcocite to bomite or to any other sulfide which it might be 
proved to replace. 


^Op. qU,, 94 . 
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Apparent Replacement of Rock by Chalcoale 

Sales* says: 

Cbalcocite directly replaces altered granite at deep levels. The power of cold 
meteoric waters to effect direct replacement of granite in quantity m seriously 
questioned by the writer. 

So far as the field evidence goes, the chalcocite may be wholly a 
replacement of bomite, for the veinlets of chalcocite threading the granite 
are proved by the microscope to carry at least a little bomite. 

Paucity of Deep Enrichment of Pyrite 

The enrichment of pyrite in Sales’ “sooty chalcocite zone’’* diminishes 
downward somewhat suddenly. Below that zone, although steely chalco- 
cite is abundant, an occasional tarnish, and a rare, heavier coating of 
chalcocite or coveUite in vuggy openings, are the sole enrichment of pjnite. 

In all the deep workings, the pyrite, with these insignificant excep- 
tions, is uncoated, and this means that the bulk of the pyrite has under- 
gone not even the beginninp of enrichment. Often, psrrite is “ corroded ’’ 
by some other sulfide, but the corrosion is of a sort not known to be 
supergene; and, nearby, bright, striated crystals project into open spaces 
and into masses of bomite and chalcocite. 

This is a strange condition, if the steely chalcocite be thought super- 
gene. For other districts testify that when bomite is half changed to 
chalcocite, some psuite in the vicinity shows always a tarnish and often 
a coating. A hand specimen of pyrite, and even a ton, might stay clean; 
but scarcely a whole great region of deep enrichment. In Butte, the 
Bupergene hypothesis involves, then, an hypothesis of contrast in replace- 
ability between pyrite and the replaced sulfide greater than that known 
in other districts to exist between pyrite and bomite. But the field 
evidence fails to prove that the replaced mineral is bomite. This passes 
the matter on to the microscope. 

Downvmd Decrease of Kaolin 

The term kaolin, as here used, includes not only kaolinite, but also 
the kaolin-like materials such as halloysite. 

The kaolin pertinent to the argument is, of course, that of pre-nune 
origin. Hot, moist workings of whatever depth, especially in rock having 
pyrite and fresh feldspar, develop kaoh’n 2 ft. inward from the exposed 
faces. The recognition of such kaolin is readily made in deep cuttings 
with the pick. 

* Op. cit., 96. 

* Sales’ "sooty ohaloooite zone" is the zone of indubitable supergene enrichment 
and is oharacterized by chalcocite and coveUite, sooty and in firm coatings on pyrite, 
in addition to the ste^ chalcocite usual in deeper levels. 
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The pre-mine kaolin is chiefly a replacement of feldspar and sericite 
and is a close associate of the chalcocite or covellite replacing pyrite 
In Sales’ “sooty chalcodte zone,” it is common. Below that zone, it is 
scarce and closely associated with the incipient enrichment of p 3 rrite. 
In a large way, the kaolinization and the enrichment of pyrite go together. 

We may waive the consideration that the kaolin wanes downward 
because of a change to unfavorable rock. For no such change, as, for 
example, a decrease in feldspar or pyrite, occurs with depth. But does 
this mean that the deep chalcocite, •unaccompanied by kaolin, is 
therefore hyrpogene? 

Absence of kaolin does not strictly prove absence of enrichment where 
bomite is the replaced mineral. For, under certain conditions, solutions 
capable of cbalcocitizing bomite may be impotent to kaolinize feldspar. 
Absence of kaoh'n, nevertheless, does suggest absence of important enrich- 
ment. In other districts having undoubted supergene enrichment of 
bomite, and having rock appropriate for kaolinization, both kaolinization 
and enrichment of pyrite are present aU throu^ the enrichment zone. 
On the basis of experience, the expectable condition is only a little chalco- 
cite here and there replacing bomite without making kaolin. The actual 
condition in Butte is deep chalcocite, abundant and widespread through 
the deepest copper-sulflde mines in 'the world, and essentially free from 
kaolin in all but the upper levels. 

Downward Persistence of Chalcocite 

While a whole bottom level may sugg^ loss of chalodte, subsequent, 
deeper levels recover it. Observers of the district say that, compared 
with other copper-bearing sulfides, chalcodte, at 3000 and at 1000 ft. 
bdow the surface, is equally abundant. 

This means, according to the supergene hypothesis, an unextunpled 
depth of enrichment and it .demands explanation. A proposed explana- 
tion postulates a former deep water table. Thus, the Continental Fault 
relatively depressed the Butte district 1500 ft.; the Flat, near Butte, has 
its bed rock 1000 ft. below the surface of the mines of medium elevation 
and buried at one place 600 ft. deep. Brown’s Gulch, 6 miles south, 
has its bed rock at least a little furUier below these same mines, and buried 
at least a little deeper. 

That, on -these accounts, the water table was formerly deeper than 
at present in relation to the orebodies is, of course, possible. But if 
it was, and if it has risen since enridiment and oxidation, it has so 
risen as now to coincide with the bottom of oxidation.* This, an acciden- 
tal result, is improbable. 

The argument of coincidence between water table and bottom of 
oxidation is specific. It implies a water table not deeper in past timaa 


* Sales: Op. eU., 44. 
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than at present. The physiographic argument, on the other hand, 
is vague. It fails to assist in the decision.® 

This matter of the downward persistence of chalcocite will be further 
considered under other headings. 

Age Relation between Chalcocite and Certain Veins and Faults 

Sales^ says: 

, . , the Rarus fault sharply cuts all the important ore veins, displacing them 
hundreds of feet, so that in the intersected veins the possibility of surface waters 
effecting an enrichment of the truncated portion of the veins lying beneath the fault 
is extremely remote. The upper displaced segment of the O’Neill vein, for example, 
is no richer in chalcocite than the subfault segment, excepting within the chalco- 
citization zone directly beneath the oxidized zone. . . . The moving waters did 
not enrich the fault, as it carries no ore, neither did these solutions spread out to other 
veins cut by the fault. The altered condition of the crushed zone of the Rarus fault, 
the presence of much disseminated pyrite and quartz together with the fact that a 
later fault (Middle) cuts and displaces the Rarus fissures, tend to show that geologi- 
cally the Rarus is not a recent fissure; therefore, the water circulation responsible for 
the chalcocite older than the Rarus fault must be far removed from the meteoric 
groundwaters of today. 

The relations between the Rams Fault and the veins are such that 
enriching solutions descending a vein would have to turn, follow the fault 
several hundred feet, and turn again into the vein. This is assuming 
the fault to be old. It must be old, at least in part, for it locaKzes p 3 rrite. 
But may it not be old only in part? And may not the separation result 
largely from another, post-enrichment part? This is conceivable. 
But the Middle Fault, displacing the Rarus about 50 ft. and later than 
the latest Rams movement, is sufficiently old to show no scarp. The 
probabilities favor enough pre-enrichment movement to separate well 
the intersected veins. Let us, then, assume such movement. 

That descending solutions might actually find their way from the 
vein segments above to segments below seems possible. And, because 
of the easy replaceability of bomite, an important mineral of these veins, 
they might enrich below the fault the veins they had enriched above, 
ignoring the fault because it carries pyrite as its sole sulfide. 

This is possible, but is it in any degree probable? In the first place, 
it requires a complicated chain of favorable conditions, with the chances, 
on general principles, against it. But, again, in no other district has chal- 
cocite of proved supergene origin been found to jump a gap of the sort 
here described. But it may be argued, with some show of reason, that 
no other district has exactly this stmctural situation or has veins alto- 
gether 'so favorable to enrichment; no other district has such an abun- 

®W. W. Atwood; Physiographic Conditions at Butte, Mont., and Bingham 
Canyon, Utah. Econ, OeoL (1916) 11, 697-740. 

^ Op. dU, 96. 
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dance of hypogene bomite and, at the same time, such well-defined easy 
channels to carry the water to great depth. 

This coimter argument as to the channel conditions is unsound, for, 
as will be shown later, some of the veins that carry deep chalcocite are 
especially poor water carriers. But, as to the especial favorability to 
enrichment, it is worthy of sharp scrutiny. Grant to Butte ore an ease 
of replaceability beyond that elsewhere known; and grant an ensuing 
replacement that could ignore the wonted barriers; and these very 
effects, astonishing though they may be, might follow. 

This is the only escape, not only from this Rarus Fault argument 
as proof of hypogene origin for the chalcocite, but also from the argument 
of deep chalcocite and from others to come later. It is a subject for 
fine critical methods and on it the microscopic study is especially focussed. 
Its consideration will be undertaken later in the paper. 

Occurrence of Chalcocite Bodies with No Apparent Superior Source 

This argument is concerned chiefly with the so-called Blue veins 
or Fault veins. These dip steeply, dislocate the veins of the Ana- 
conda system, and carry abundant gouge and important but discontinu- 
ous orebodies. 

Following is a quotation from Sales® in reference to this argument: 

. . , many of the largest and most important rich chalcocifce-enargite oreshoots 
in these veins do not extend upward to within 500 to 800 ft, of the surface. Not only 
do the copper minerals fail, but the common gangue minerals, quartz and pyrite, 
drop out, so that the oreshoots are capped by hundreds of feet of barren crushed 
granite and fault clay marking the plane of movement. In two instances, notably 
in the Jessie and Blue veins, oreshoots reach the surface, bufc in these cases the upper 
600 ft. of the shoots differ materially in mineralogical composition from the richer ores 
at greater depths. 

Following is another quotation from Sales:® 

In the Jessie vein . . , the oreshoots have been opened by continuous 
workings from the surface to the 2200-ft. level . . . Within a vertical distance of 
from 60 to 75 ft., there is almost a complete transitional change (downward) from 
chalcopyrite ore to an ore consisting of chalcocite, bomite, enargite, pyrite, and 
quartz, with only small amounts of chalcopyrite. This character of mineralization 
has continued to the deepest levels yet opened. . . . 

It is impossible to conceive of a surface water origin for the chalcocite lying below 
the chalcopyrite capping. There certainly is no apparent adequate source for the 
copper. Where the chalcopyrite ore suffers oxidation, the larger part of the copper is 
held in the oxidized zone as an oxide or carbonate, and, even assuming that a part of 
the copper was earned downward, it is quite impossible for the writer to believe that 
it could have remained in solution while passing downward over the chalcopyrite- 
pyrite ore, to be later deposited as chalcocite from 800 to 2200 ft. below the surface. 

So far as this vein is concerned, we cannot eliminate the possibility, 
in the eroded country above the present surface, of oreshoots that liberated 


Sales: Op, cU.^ 97. 


® Op, ciL, 100-1. 
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copper to make the deep chalcocite. But why the extraordinary descent 
of the copper-bearing solutions through depths of 500 to 800 ft. of chalco- 
pyrite before they achieve their enrichment? Why, even in the first foot 
below the capping, the merely incipient change of chalcop 3 rrite 
to chalcocite? 

In the other veins, there is a similar possibility that oreshoots existed 
in the eroded country above the present surface. But certain veins, 
as was shown on p. 938, though chalcocite-rich below, are tight at the 
top, and shut off from a possible upper source. 

But could not all these veins have received copper from tributary 
channels intersecting them at or above the present top of the chalcocite? 
Such channels are wholly hypothetical. None have been found, although 
the development and stoping of the ore leaves them few places in which 
to hide. Furthermore, in other districts, supergene chalcocite has not 
been proved to get its enriching copper through other than the simple 
channels of the upper, oxidized part of the ore deposit. 

There might, however, be a longitudinal migration of copper-bearing 
solution along the vein. But the orebodies are often insulated along the 
vein by fault clay — so insulated that enrichment by the passage of water 
is unlikely. Nevertheless, the downward migration of solutions through 
the impervious vein, their leaving the chalcopyrite clean at the top of 
the vein, their making emphatic enrichment below, their access in tribu- 
tary channels, or their migration laterally along even an impervious 
vein — ^these might still occur on a single condition, that of easy 
replaceability already mentioned and later to be discussed. 

Failure of Chalcocite to Depend on Vein Intersections or Vein-fault 

Intersections 

The following is from Sales 

The oreshoots are not connected or related in any manner with cross-fissuring or 
later faulting . . . the Blue vein oreshoots do not occur at the intersections with 
older quartz-pyrite veins, but on the contrary, curiously enough, they are almost 
universally found in the intervals between the important older veins. ... No 
apparent relation exists between the Blue-vem shoots and the later Steward faults; in 
fact, repeated observations of such intersections show, beyond question, that the ore- 
shoots were in existence prior to the appearance of the Steward faults. 

On an hypothesis of supergene origin, this independence of intersec- 
tions indicates a fundamental difference of process from that known in 
other districts; for in other districts the enrichment, instead of ignoring 
such intersections, is controlled by them. Here, again, the only way out 
is the postulated easy replaceability mentioned above. 


Op. dt., 97. 
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Failure of Chalcocite to Favor Pervious in Contrast with Impervious 

Veins 

The estimation of perviousness in the Butte veins is made by three 
methods: (1) The comparison in physical character between this vein 
stuff and that of other districts; (2) the comparison between one Butte 
vein and another in the depth of oxidation and of sooty chalcocite; and 
(3) the comparison between one Butte vein and another in the amount of 
water yielded in mine workings. 

In many districts there is a kind of vein stuff known to be highly 
pervious- This is typified by the Bingham disseminated ore. It carries 
tiny stringers of quartz, sulfides, sericite, and sometimes adularia, so 
abundant that scarcely a hand specimen lacks them. It carries these 
minerals soaked through the interstringer fragments of altered rock. 
It is brittle, rather than tough, and, when broken artificially, flies into 
blocks and fines. The high perviousness of this material is caused by 
tiny quartz-lined vugs, post-ore fractures, and contacts between the fine- 
grained alteration minerals. Kaolin is seldom suflSciently abimdant to 
stop the openings. 

Proof of great perviousness consists in oxidation over many acres to 
depths of several hundred feet. The perviousness is so uniform' as to 
permit oxidation down to a sharply defined level; it is so great as to permit 
oxidation to keep pace with erosion and to descend close to the water 
table; it is so great, furthermore, as to permit pervasive enrichment to 
strike downward far into the sulfides. Even the more persistent cracks 
may fail to dominate in the distribution of supergene copper. 

Such material is more pervious than aU others likely to be near it. 
Fresh porphyry or gouge or garnet may bear sulfide exposed to daylight, 
alongside a deeply leached capping of such material. The disseminated 
ore itself makes a medium for water travel, and its draining in one place 
by a shaft drains the body away from the shaft, A barrel of water 
poured out on the surface would pursue a rapid and almost vertical journey 
to the water table. 

In the Butte veins are large quantities of material resembling that 
described. This material, however, is coarser grained; it has larger 
vugs and must be regarded as more pervious. Because, however, of 
differences in its continuity and because of differences in the amount and 
quality of the wall-rock alteration, the veins, from the standpoint of 
perviousness, constitute two sharply contrasted groups. 

Those of the Anaconda system, except where interrupted by faults, 
are continuously pervious as far as they are known on strike and dip. 
The Blue veins, on the other hand, thou^ in ore rather similar, have that 
ore in shoots isolated both on strike and dip by regions that are gouge- 
filled and unquestionably, by comparison, impervious. While 1 cu, ft. of 
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water was traversing 1 sq. ft. of Blue-vein section, 100 or 1000 cu. ft. 
might traverse an equal Anaconda-vein section. On the basis, then, of 
general information, there is indicated a marked contrast in perviousness 
between the Anaconda veins and those of the Blue system. There is 
indicated, furthermore, a similar contrast between the central part of 
the district, with its widespread granite alteration, and the outside part, 
with its granite alteration thinly bordering the veins. Is this contrast 
evidenced in the depth of oxidation? The depth of oxidation varies 
extremely from place to place and vein to vein. Sales^^ says: 

The depth of the zone of oxidation in a particular locality is largely dependent on 
the character of the veins and the enclosing country rock, to a greater extent, in fact, 
than on the topographic features. The deepest oxidation is found in the great zones 
of altered granite . . . where it runs from 100 to 400 ft. wide, averaging in the 
neighborhood of 250 ft. Under similar conditions of granite alteration, the heavily 
mineralized veins of the Anaconda system show deeper oxidation than the fault 
veins ... In regions unaffected by the widespread hydrothermal processes . . . 
the depth of oxidation along the veins of the Anaconda system averages about 75 ft., 
and that of the fault veins 20 ft., with frequent variations in both classes of veins. 

The depth of ''sooty chalcocite^^ (see footnote 4) varies somewhat 
similarly from place to place and vein to vein. Sales^^ says : 

Sooty chalcocite . . . is confined particularly to those portions of the veins lying 
immediately below the zone of oxidation . . . The veins of the Anaconda system, 
or the quartz-pyrite series, are deeply oxidized as a rule, and in these veins the sooty 
chalcocite reaches its greatest development. In the fault veins, the zone of oxidation 
is usually of but slight vertical extent, and since the primary ores seldom extend up- 
ward to the surface, the development of sooty chalcocite is of but little importance. 

Regarding water, Sales^"* says: 

In the early days of Butte mining the water level was encountered in the shafts in 
the region of the contact between the oxidized and sulfide ores. This was true, how- 
ever, only in areas of altered granite or where the opening was made within a vein. 
A shaft sunk in the normal unaltered granite between faults and veins, perchance 
missing a water course, might extend to great depths as a dry shaft. On the other 
hand, a shaft put down in the altered granite areas became a wet shaft as soon as the 
general water level was reached, whether a vein was encountered or not, the whole 
mass of the altered rock being practically saturated. 

It has been repeatedly observed that the well-developed fault fissures do not serve 
as the most important channels for the movement of the present day ground-waters. 
... Of much greater importance as water carriers are the veins of the Anaconda 
system, fissures, cracks, and shear zones of relatively slight displacement. The 
Anaconda veins are frequently of a porous nature and contain many cavities, vugs, 
and water courses. They are especially good water carriers where cracked or broken 
by later fault movements. The orebearing faults of the Blue and Steward systems 
are altematdy wet and dry along the strike . . . Frequently the oreshoots con- 
tain no water, and it is probable that they have been dry ever since the close of the 
period of thermal water activity, when the ores were deposited. 


Op. 40. 


1® Op. cit., 49. 


i» Op. cU,, 44. 
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These contrasts in perviousness bear vitally on the question of super- 
gene enrichment. Ought not the Anaconda veins, more pervious than 
those of the Blue and Steward systems, and ought not the middle of the 
district, more pervious than the outside, to show more of such enrich- 
ment? Actually, neither the Anaconda veins nor the middle of the 
district shows a higher chalcocite ratio. In the pervious region, that 
ratio is about the same as elsewhere. 

Control of the deep chalcocite by superior perviousness, a marked 
characteristic of chalcocite known to be supergene, is here absent. That 
it is absent, suggests that the deep chalcocite is not supergene, and it 
constitutes the most important field argument for hypogene origin. 
From this argument, the only obvious escape is the hypothesis of easy 
replaceability already mentioned and later to be discussed. 

Position Attained by Field Argument 

The hypothesis of supergene deep chalcocite in Butte carries impli- 
cations strange to experience. It demands enrichment, deep and 
thorough, leaving feldspar unclouded and pyrite untarnished; and 
enrichment so penetrating that usual controls are ignored. Gouges, 
holding water stagnant, lack influence, though they cut and block a vein 
down which enriching water may cascade. The several parts of a vein, 
contrasted in the possession or lack of intersecting veins, and in the 
alternation of vuggy quartz with obstacles of gouge; and the several 
veins themselves, contrasted in the continuity or interruption of their 
pervious materials: these are enriched to the same degree. The 
3000-ft. level shows the same enrichment as the 1000-foot. 

The mere strangeness of these implications, however, fails to prove 
the supergene hypothesis absurd. It compels a search for some Butte 
peculiarity to match this one and explain it. Does not Butte, in some 
conditions other than enrichment, so differ from aU other districts that 
the rules of experience will not here apply? Some such conditions may 
still remain unimagined. But, of the hypotheses at hand, only one sur- 
vives field argument. That is the hypothesis of easy replaceability, 
and this hypothesis makes the principal theme for the remaining discus- 
sion. We are, therefore, reduced to a dilemma : Either the deep chalco- 
eite has replaced some mineral or minerals of -unusually easy replace- 
abihty, or that chalcocite, by present opinion, is hypogene. 

Miceoscopic Aegumbnt 
Reliability of Samples 

It remains for us to examine the microscopic argument, and espe- 
cially that on the subject of easy replaceability and the nature of the 
replaced sulfide. For the use of such an argument, proof is needed that 
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Fig. 1. — Coarse, obviously plbochroic covbllite cut by chalcocitb; Mountain 
View South vein, QOO-ft. level. X 290. 



Photographsd by J Murdoch. 

Fig. 2. — ^Finb covbllite vbinlbts crossing bornitb but halting at chalcoSpyritb; 
Jessie vein, apex drift. X 65. 
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Fig* 3. — Blub and ‘white chalcocitb lattice. Mountain View South vein, 

600-pt. level. X 100. 



Fig. 4. — ^Bornitb-chalcocitb lattice with bobnitb cleavage controlling 

CHALCOCITE AND -WITH MEDIAL VBINLETS OFLIMONlTE; SHANNON VEIN, 1400-ET LEVEL. 
X 100. 
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Photographed by J. Murdochs 

Fig. 6. — Blub and white chalcocitb lattice cabryinq bornite splines, 

THE BORDERS OP WHICH ARB INVADED BY THE WHITE CHALCOCITB LAMELLAE,* THERE IS 
NO CONCORDANCE IN ORIENTATION BETWEEN THE SPLINES AND THE LAMELLAE OP THE 
lattice; THE SPLINES MAY BELONG TO SKELETAL CRYSTALS; LEONARD MINE. X 65 . 



Photographed by J. Murdoch. 

Fig. 6. — Same as Fig. 5 . X 375 


VOL. LXX.— 60 
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Fig. 7, — BoRNITE-CHAI4COCITE graphic STBXJCTtJRB WITH TENDENCY TOWARD LATTICE 
structure; Shannon vein, 1400-pt. level. X 290. 
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Fig. 9, — Incipient lattice op chalcopyrite invading bornitb along cleavage 
cracks; Leonard mine, 1600-pt. level. X 290. 



Photographed by J. Mwrdoch 

Fig. 10. — Bornite-chalcoptritb lattioe vtith bornitb cleavage controlling 
chalcopteitb; Gagnon mine, 2200-pt. level. X 66. 
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Photographed by J. Murdoch. 

Fia. 11, — ^Bobnitb-chalcocite in impbrpbct graphic with parallelism of 

ALIGNMENT. X 65. 







Fig. 14. — ^Bornith following a crack in ohalcocitbj, but having mutual 
boundaries: subgraphic bornitb blebs in ohalcocitbj; Snowball vein, 2200-PTt 
LEVEL. X 100. 
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Fig. 15. — Bornite with shapes op pointed flames bordering limonitb 

VBINLET IN CHALCOCITE AND SUGGESTING REPLACEMENT OP CHALCOCITE: BORNITE- 
CHALCOCITE LATTICE. , 
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the specimens make a fair sample. A fair sample of the copper in 
the Butte veins would consist of specimens by the tens of thousands. 
With the one thousand specimens, then, studied by us, not through and 
through, as by assay, but only on surfaces, could we hope to gain a 
comprehensive view? 

The copper content rises to 15 per cent, and falls to 1 per cent, within 
a foot of vein length. But the microstructures, fortunately, vary to 
no such degree. They comprise about a dozen principal varieties. 
Five hundred specimens of rich copper ore from the central mines 
include all these varieties within them. Another five hundred from the 



Fig. 17. — Bobnitb-chalcocitb lattice and clbab bornitb cut by obwllcocite in 
cracks; Mountain View South vein, 400-pt. level. X 100. 

same region, studied in a few microscopic fields, such as appear in photo- 
micrographs, yield discordant conclusions, but studied over whole 
polished surfaces, comprising from five hundred to ten thousand micro- 
scopic fields, they yield nothing significantly new. Moreover, the one 
thousand specimens studied by us are corroborated by about the same 
number studied by others, and by himdredsfrom other districts, showing 
structures simpler but similar to those in Butte. 

The microscopic work, combined with field observation, has yielded 
results having not only a qualitative but also a quantitative aspect. Thus, 
field evidence shows ttat chalcocite, with here and there a little bomite, 
undergoes no notable relative decrease with depth. The microscope 
shows this chalcocite, except in the vein tops, to carry bomite so univer- 
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sally as to establish a high degree of probability that a square centimeter 
surface of chalcocite lacking bornite would be hard to find. It estab- 
lishes, in a quantitative way, a proportionality between macroscopic 
chalcocite and microscopic bornite. 

Covellite 

Though covellite has but a meager and occasional development in 
Butte, its possible use as an index of supergene origin requires discussion. 

There are three contrasted varieties of covellite in Butte. The 
first occurs at all depths, is coarsely crystalline, and makes plates as 
large as 10 cm. across. The euhedral outlines of the plates, their great 
size, their failure to contain remnants of unreplaced sulfides, their 
enclosure of pyrite and bornite between adjacent buckled plates, and 
their partial replacement by chalcopyrite and by chalcocite (Fig. 1), 
suggest this covellite not to be a replacement of an older sulfide. Much 
of it, being idiomorphic, suggests growth in open spaces or in non-confining 
matrix. There is nothing in its structures typically supergene. Yet 
its size and idiomorphism cannot be accepted as proof that it is hypogene. 
Any consideration of covellite as a criterion of origm must include the 
fact that covellite, like pyrite and quartz, tends to assume its own crystal 
form, and might do so and grow into open spaces, or soft matrix, or older 
sulfide, even in supergene processes. Some well and coarsely crystallized 
covellite is probably hypogene and some may be supergene. 

The second variety of coveUite is very fine grained. It replaces 
bornite in rosettes, and in veiolets generally following small cracks in 
bornite and boxmdaries between bornite and other minerals (Fig. 2). 
This variety is observable principally in the microscope and the total 
amount is small in comparison with the first variety. It diminishes 
rapidly with depth and has not been found in the deeper workings; 
it is unquestionably supergene. It is diagnostic of supergene replace- 
ment; its cessation downward indicates a diminution of such replacement, 
but its absence is no proof that such replacement by chalcocite has not 
occurred, for supergene chalcocite is far more widespread than super- 
gene covellite and the two tend to be mutually exclusive. 

The third variety of coveUite exists in the friable, actually sooty, fine- 
grained mixture of covellite with chalcocite characteristic of the upper 
levels. Its formation may, in some cases, have been accompanied by an 
increase in porosity and by a positive decrease in copper. It is diagnostic 
of supergene alteration. 

Hypogene vs. Supergene Origin for the Bornite 

Proof of supergene origin for the bornite would carry with it proof of 
simil ar origin for the chalcocite. Can the bornite, by any chance, be 

L. C. Graton and J. Murdoch: Sulphide Ores of Copper. Trans, (1913) ^5, 26. 
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proved supergene? The outstanding facts suggested by the microscope 
are that: A large part of the bomite (or, rather, of the compoate bomite- 
chalcocite) is either an open-space fining or a replacement of quartz, 
sericite, or feldspar; perhaps a tenth is a replacanent of enargite and 
pyrite; a tenth is intergrown with enargite; a modicum is a replacement 
of tennantite and tetrahedrite; and another modicum is a replacement of 
sphalerite. In a half dozen specimens, bomite may replace chalcocite 
(Figs. 14 and 15). 

Mixtures of bomite and pyrite are conunonly designated as the result 
of “corrosion.” The pyrite is clearly older and replaced; it lies as clusters 
and groups of rounded masses in a clear expanse of bomite; or as solitary 
masses far removed from the others (Fig. 2). Hardy, it is cut by weU- 
defined veinlets or swaths of bomite. But marked angularity of the 
remnants and their obvious control by cracks and grain boundaries, 
processes characteristic of the supergene replacement of pyrite by 
chalcocite, especially in its earlier stages, are here absent. 

Mixtures of bomite and enargite likewise show rotmded boundaries. ' 
The enargite is invaded by extremely numerous and irregular tongues of 
bomite (with chalcocite) and these tongues are distinctly thinner than 
the bodies of enargite between them. The cleavage of the enargite, in the 
typical occurrence, exerts no influence on the distribution of the bomite. 

In addition to the replacement stmctures, the bomite has stmctures 
that suggest contemporaneity with the enargite. These stmctures are 
the simpler varieties of the so-called intergrowths, especially the “mutual 
boundary” in which each mineral lies within the other in lobes and cusps. 
There is an absence of the more intricate intergrowths, such as graphics, 
characteristic between bomite and chalcocite. And in all the bomite- 
enargite stmctures, not only those suggesting contemporaneity but also 
those of replacement, there is a curious predominance of one mineral 
over the other; the specimen is either bomite-chalcocite with minor 
enargite, or enargite with minor bomite-chalcocite. 

The bomite supposedly filling open spaces or replacing rook stuff 
occupies irregular veinlets sometimes bounded by crusts of quartz and 
pyrite, or vugs, or angular openings in quartz. There is here no suggestion 
of its replacement of any other sulfide. For, thou^, in the same polished 
surface, pyrite and enargite abound in other open spaces, in these partic- 
ular areas the bomite is free froiu other sulfides except chalcocite. Or, 
if pyrite and enargite are present, they often have such relations as to 
suggest stron^y their existence as a prebomite lining in the vug and their 
burial at length xmder the bomite; pyrite cubes not infrequently lie 
covered or enclosed by bomite. The origin of a part of the bomite in 
open spaces may be considered hi^y probable. 

If some of the bomite is open-space filling or replacement of rock, and 
some of it is an intergrowth with enargite, is the bomite not therefore 
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proved hypogeiie? Within the mieroscopio field, the mutual structure 
actually grades into the replacement structure; and, on the other hand, 
it grades into the open-^ace structure. The relations indicate essential 
contemporaneity, and hsrpogene origin for all the bomite. 

Another argument for hypogene origin consists in the contrast between 
these structures and those of supe^ene chalcocite. Supergene chalcocite 
follows obvious channels of admission, such as cracks and grain 
boundaries, and leaves remnants depending, in size, on the number of 
the traversing channels and the degree of replacement effected through 
these nba.TinRla- Nothing is better established than that the replacement 
can go to any stage whatever. But the remnants of pyrite and enargite 
in the bomite-chalcocite bear rounded rather than angular outliues; 
and the replacement proceeds, not by creeping along the channels 
of easy access, but by flooding the mineral fidd and leaving tiny 
residuals scattered far and wide. These differences suggest differences 
of origin. 

But, we need not depend on these microscopic details alone. Super- 
gene bomite in other districts is scarce, which fact makes improbable 
such quantities of supergene bomite as would be postulated by the 
supergene hypothesis in Butte. Moreover, all the arguments of large- 
scale distribution for deep hypogene chalcocite apply to bomite, and 
with increased force. The bomite, if supergene, must replace pyrite or 
enar^te, minerals yielding slowly, and must do this under conditions 
unfavorable to enrichment. The bomite is hypogene. 

Replacement of Bomite hy Chalcocite 

The types of bomite-chalcocite microstructures are; 

Type 1. — ^The chalcocite is controlled by gangue and sulfide boundaries, 
and by fractures in the bomite (Figs. 16 and 17). Structurally, it is a 
replacement not distinguishable from tiiat by supergene chalcocite in 
P3rrite and enargite, for the chalcocite occupies the same inter-remnant 
duumds, and the bomite remnants are similarly angular and dependent 
in number, size, and disposition on the number, width, and arrangement 
of the invading channels. The chalcocite veinlets often possess a dark 
medial crack, mnpty or filled with limonite, copper pitch or an unknown 
mineral; this crack is the channel of replacement from which the chalco- 
cite widens out on mther side against the bomite, and its limonite pre- 
sumably results from oxidation by cupric sulfate.'® The chalcocite 
border may be dther dear or hazy. Where it is hazy, lower magnifica- 
tions show a transition zone usually bluish. This type is characteristic 
of undoubted Bupmrgene replacement and occaaonal but not characteristic 
in deep chalcocite. 

S. G. ZuGBf B. T, Allen, and H*. B. Mctfwln; Some Beactiona Involved in Second- 
ary Bnriohment. Bbon. (1916) ,11, 407-^603. 
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Type 2. — ^This type is often a companion of and grading into Type 1. 
The chalcocite is controlled by cleavage directions in the bomite and 
makes with the bomite the so-called lattice structure. Of the lattice 
structure, there are two kinds, the first of which is the type discussed. 
Here, from the main channels, chalcocite penetrates for some distance 
sidewise into the bomite in sharp gashes or blades, forming a regular, 
diamond-shaped pattern along the borders. The directions taken 
by the blades are shown, by etching the bomite, to coincide with the 
bomite cleavage. A frequent companion of this stracture is one in 
which microscopic Csupergene) chalcopyrite in similar gashes or blades 
follows the bomite cleavages just ahead of the chalcocite. This type is 
characteristic of undoubted supergene replacement and is moderately 
abundant in deep chalcocite. 

Type 3. — ^Type 3 is the second variety of lattice stmeture. The 
characteristic distinguishing this lattice from that of Type 2 is its inde- 
pendence of visible channels (Fig. 3). Areas covering a quarter of the 
microscopic field, and wholly detached from major Unes of control, adjoin 
areas of clear bormte or chalcocite. Some times the lattice pattern is so 
minute and the chalcocite replacement has gone so far that, under low mag- 
nification, merely lines of pinkish blxirmarkthe presence of the bomite resi- 
duals in the chalcocite; higher magnification shows the bomite to survive 
only in tiny diamonds. The' replacement of the bomite by the chalcocite 
is a matter of doubt. The two minerals might be contemporaneous. In 
some instances, the chalcocite might be the older. The stmeture is not 
produced by undoubted supergene replacement. 

Type 4. — The bomite has an appearance suggesting its sudden break- 
ing down throu^out its length and breadth with no reference to cleavage 
or other obvious lines of control. The bomite area carries irregular 
gashes and branching areas of chalcocite with tattered edges, so uniformly 
distributed and so small that, under low magnification, it appears as 
bomite somewhat off color. The stmeture is not produced by undoubted 
supergene replacement. 

Type 5. — ^This type has the “mutual boundary” stmeture. This is 
similar to the stmeture existing between bomite and enargite; lobes and 
b\ilbs of the bomite penetrate the chalcocite with -the same frequency and 
in the identical manner in which similar shapes of the chalcocite penetrate 
the bomite (see Fig. 12). The stmeture “looks no more in one direction 
than in the other” and were the chalcocite and bomite to change places, 
the significance of their relations would be unchanged. Neither obvi- 
ously replaces the other. But, grading out from this stmeture, often 
within the limits of a single polished surface ^d sometimes wit^ the 
limits of a sin^e noicroscopic field, are stmetures showing dear replace- 
ment of bomite by obalcodte — ^lattices, veinlets and obviously invading- 
bulky areas with rounded residuals. The chalcocite of these replacement 
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structtires is continuous with that of the other: it is identical in color 
and is often proved to be of identical crystallographic orientation. The 
chalcocite of the two structures seems little different in age. The mutual 
boundary structure occurs at all depths and is not produced by undoubted 
supergene replacement. 

Type 6. — ^The graphic intergrowth. This has long been well known; 
its resemblance to eutectic structure and the consequent argument that 
the chalcocite and bomite are of contemporaneous origin, has made it 
conspicuous. It shows the mutual boundary, complicated and smaller in 
scale; it is the mutual boundary with sharper curves. Occasionally, it 
is so coarse as to be seen without the microscope; often it is so fine as to 
require high magnification. The two minerals occur in intimate inter- 
mixtures. In one part of the field they may be characterized by the 
mutual structure; in another, by a graphic representation of the two 
minerals disposed in hooks, dots, lobes, and stringers (see Figs. 7, 8, and 
11) ; and this may yield abruptly to an area of clear chalcocite or bomite. 
Or, the graphic form may grade into the lattice. “ Emulsions ” of bomite 
in chalcocite are not uncommon; and these, like the plainly graphic 
structures, may lie adjacent to areas of dear chalcocite or bomite. Often, 
within a given polished surface or microscopic field, the graphic form 
grades into structures that mean replacement. But these, like those 
grading from areas showing the mutual boundary, are of a kind strange 
to supergene enrichment. The graphic structure occurs at all depths 
and is not produced by undoubted supergene replacement. 

Occupying, in character, a half-way position between the mutual and 
graphic structure is the so-called ''subgraphic;” this has suggestions of 
the graphic but lacks the complete graphic pattem.^^ 

A common feature of the mutual and graphic stmctures, and one in 
striking contrast to the stmctures of xmdoubted supergene replacement, 
is the occurrence of dialcocite in medial positions. In specimen after 
specimen, the chalcocite, instead of favoring the boundary between sul- 
fide and gangue, is insulated from that boundary by a layer of bomite. 

It must be remembered that no deep chalcocite has been found not 
inmixed with bomite, and that the recognition of the one means the 
presence of the other. The questions of distribution, then, concern 
composite areas of bomite and chalcocite. This reopens the questions 
of the supposed replacement of rock by chalcocite, for that question now 
becomes the supposed replacement of rock by chalcocite and bomite. 

There is some probability (needing study of more abundant specimens) that the 
lattice is characteristic of the “central copper zone,” which is supposedly that of 
highest temperature, but absent from the “border zone;” that the graphic is character- 
istic of both zones; and that the subgraphic may bdong stiU farther out, but yet may 
not pertain to supergene enziohment These structures may become serviceable 
as a thermometer. 
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It likewise reopens the question of “open space” chalcocite. Does 
chalcocite, like bomite, replace rock and grow in open spaces? The 
proof that it does must rest on the assurance that mutual and graphic 
relations mean contemporaneity. 

But what is the chance that the chalcocite replaces, not bomite 
directly, but such a mineral as klaprotholite, previously replacing bom- 
ite?^^ This, though imaginable, lacks affirmative evidence; from the 
great bulk of replaced ground, the imagined mineral is swept out and 
only a vestige remains. Experience offers no parallel, and it offers no 
other sulfide markedly more replaceable than bomite itself. By all 
reason, if the chalcocite is a replacement, the replaced mineral is bomite. 

We are now faced on the supergene chalcocite hypothesis, with an 
astonishing condition. For the bomite, on the 3000-ft. and on the 1000- 
ft. levels, in a tight vein and in an open one, is replaced to the same 
general degree. Part is always gone and part is always left. Except 
at the vein tops, the relict bomite is too resistant, even under the condi- 
tions most favoring supergene replacement; and the replaced bomite is 
so replaceable that it goes even under the conditions least favorable. 
Between the relict bomite, on the one hand, and the replaced bomite, 
on the other, exists a great gulf in replaceability. The relict bomite, 
moreover, has normal replaceability. For, in the zone of sooty chalco- 
cite, bomite goes to chalcocite with exactly the same ease, compared 
with pyrite and chalcop 3 nite, as it does in other districts where supergene 
enrichment has been studied. 

We are confronted now by the old dilemma in a more specific form: 
Either the deep chalcocite has replaced an unknown homite4ike mineral 
of unuauaUy easy replaceabUHy, lying alongside of and intergrown with 
ordinary homite, or that chalcocite is hypogene. 

Of the six bomite-chalcocite stmctures, two mean replacement and 
four suggest contemporaneity. Where bomite predominates, the charac- 
teristic stmctures are those of contemporaneity; where chalcocite pre- 
dominates, the stmctures are those of contemporaneity and also those 
of replacement. Few polished surfaces fail somewhere to suggest 
replacement, not of the conventional supergene variety, but of the other 
sorts here described. Perhaps a quarter of the deep chalcocite is of the 
replacement type. 

Intergrowih of BomUe with Chalcocite 

Do the graphic, subgraphic, and mutual stmctures actually prove 
contemporaneity 7 In the deep Butte specimens, the following paragene- 
sis is usual: 

>> A. F. Bogezs: So-called Graphic Intergrowth of Bomiteand Chaloodte. Eton. 
Geol (1916) U, 582-«93. 
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(1) quartz and pyrite; (2) enaxgjte; (3) bomite and, in minor quantity, 
chalcopyrite; (4) chalcocite and covellite. 

There can be no doubt, then, that bomite tends generally to be older 
than chalcocite. But how much older? Is the interval so great as to 
signify a definite hiatus in deposition? Or is it no greater than that 
between pyrite and enargite or between enargite and bomite? Is 
the interval, indeed, of the sort that separates the successive stages of 
a sin^e process? 

The whole question turns on the interpretation of those structures 
that suggest contemporaneity. So characteristic are they of the bomite- 
chaleocite relations and so obviously grading into the replacement types, 
that, proving the graphic and “mutual” chalcocite to be an intergrowth, 
we could feel confident that the replacement chalcocite was only slightly 
yoimger than the bomite. Certain observers have claimed that if part 
is replacement, all is replacement, even the graphics. Thus, Whitehead 

The bomite of an intergrowth (from Bristol, Conn.) under high magnification is 
seen to be traversed by very minute veinlets of chalcocite. With extremely high 
powers, embayments of the chalcocite of the intergrowths are seen to be connected 
by veinlets ordinarily invisible . . . Etching of the polished surfaces proves that 
. . . the crystalline structure of adjoining chalcocite embayments is often continu- 
ous, and that veinlets between such embayments are entirely continuous with the 
larger areas of chalcocite. 

The conclusion here that all is replacement is not compelled by the 
facts. Given a waning iron supply, the sulfide deposition could run a 
systematic course throng bomite older than chalcocite, to bomite and 
chalcocite overlapping, to chalcocite younger than bomite. It is feasible 
artificially to precipitate two salts A and B in exactly these time relations, 
and with only a few minutes interval between the oldest A and that part 
of A which is contemporaneous with the oldest B.^® 

Though we have not foxmd this structure in Butte, we are not relieved 
of its consideration in a Butte argument. The tenuous veinlets are, 
indeed, quite in harmony with the observed grosser transitions in Butte 
between intergrowth and replacement chalcocite. Here, as in the 
structure described by Whitehead, we accept the proof that part of the 
chaicodte is a replacement. But we see no compulsion to believe that 
any of the actual intergrowth is a replacement. 

The attempted proof, by the microscope, that the intergrowths mean 
replacement, is inadequate. What have we to indicate that they mean 
contemporaneity ? In the first place, the waning-iron-supply idea accords 

“ W. L. Whit^ead: Farageaesis of CJertain Sulphide Intergrowths. Econ. Qeol. 
(1916) 11, 7. 

These arguments regarding Whitehead’s conclusions were first suggested by 
D. H. McLaughlin in *'The Occurrence and Significance of Bomite,” a doctor’s 
dissertation, Harvard Univ., 1917. 
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with the proved paragenesis of the sulfides known to be hypogene. 
But the graphic and mutual structures are duplicates of structures occur- 
ring between bomite and chalcopyrite and between bomite and galena, 
in which exists no determined general age difference between the bomite 
and the other minerals: the intergrowths grade into replacements, in 
which the bomite is alternately older and younger. Furthermore, the 
graphics are duplicates of alloy eutectics. 

The intergrowths between chalcocite and bomite are, by strong pre- 
sumption, proofs of contemporaneity; they have stood the test of ten 
years attack; no argument of weight has appeared against them and in 
no instance is their replacement origin actually proved. On the other 
hand, in many scores of specimens, contemporaneity has been powerfully 
suggested, and is made to lie on the side of common sense. As a working 
rule, contemporaneity has the preference, and only evidence of a highly 
specific kind could be accepted as proof of replacement. 

Yet the hypothesis of two intergrown, polymorphous bornites, one 
normally and the other extraordinarily replaceable, still leaves the door 
open to the idea of replacement. This hypothesis will be considered 
later. 

Crystal System of the Chalcocite 

Posnjak, Allen, and Merwin*® found inversion of orthorhombic to 
isometric chalcocite by two methods. In the first, chalcocite, finely 
ground, close to 91° showed sharp heat-absorption effects; in the second, 
chalcocite in rods showed a sudden change in electrical conductivity 
at about 102°. The discrepancy was assigned to the difference in com- 
pactness and the lower figure was accepted. Then, artificial isometric 
chalcocite cooled down past 91° and, etched on polished surfaces, showed 
an orthorhombic etch pattern; the isometric-orthorhombic inversioii 
point was thus identified. With more than 8 per cent, of dissolved 
covellite, no inversion occurs. 

Because the temperature 91° lies between the temperature at which 
we suppose hypogene and supergene chalcocite, respectivdy, to have 
formed, these experiments si^gest a criterion of origin.®^ Thus, all the 
observed, natural, faceted crystals of chalcocite are orthorhombic.** 
Yet Merwin has found several octahedral twins 1 cm. long in chalcocite 
from Kennecott, Alaska, carrying over 8 per cent, dissolved covellite.** 
The suggestion is that the faceted crystals are supergene and that this 
Bonanza chalcocite is hypogene. 

The Sulphides, of Ck>pper. Boon. Cfeol. (1915) 10, 401-535. 

Fosnjak, Allan and Merwin: Op. ett. 

W. lindgten: “Mineral Deposits,” 864. N. Y., 1910. McOraw-HUl, 

** Graton and Murdoch: Op dL 

** Earn, Oeci. (1920) 15, 63; and personal oonununication. 
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Conceivably, hypogene cbalcocite may form below 91®, and even 
if it formed as isometric crystals above 91® it would, through inversion, 
now be found as orthorhombic, unless — as is not always the case in 
Butte — ^it contained over 8 per cent. coveUite dissolved. Although 
isometric form may be proof of hypogene origin, orthorhombic form is 
no proof of supergene origin.^^ 

Hypothesis of Two Bomites 

As already stated, the field and microscopic evidence reduces us to a 
dilemma: Either the deep chalcocite has replaced an xmknown bomite- 
like mineral of unusually easy replaceability, lying alongside of and inter- 
grown with ordinary bomite, or that chalcocite is hypogene. 

An ingenious answer to this dilemma is the hypothesis of two poly- 
morphous modifications of bomite suggested by D. H. McLaughlin.^® 
According to this answer, the deep chalcocite is a supergene replacement 
of bomite, independent of the usual controls, but delicately governed by 
internal structure; the patterns now taken by bomite and chalcocite 
correspond to an intergrowth between two bomites, one resistant and 
the other replaceable. On this hypothesis, the deep chalcocite is super- 
gene, but the control of the replacement is hypogene. 

This idea of two bomites is based on analogy with other compounds 
having polymorphous forms, such as FeS«. But the hypothesis, so far 
as bomite is concerned, is subject to opposition of a chemical and physical 
nature. In the first place, the contrast in replaceability between the 
two bomites must be so great that, imder no conditions, except those 
especially favoring undoubted supergene enxictoent, is the resistant 
bomite replaced by chalcocite; and, under all conditions, even those 
least favoring supergene enrichment, the unstable bomite is totally 
replaced by chalcocite. Gradational stages in the replacement of the 
bomite lobes have not been observed; remnants of bomite in the 
chalcocite lobes and bomite lobes traversed by growing chalcocite string- 
ers do not occur. The supposed replacement either leaves the grains of 
bomite unaffected or it spreads throughout those grains. 

It is conceivable, on an a priori basis, that two polymorphous forms 
of bomite could precipitate simultaneously. But it is doubtful whether 
two polymp^hpus forms of a sulfide have been observed as contem- 
poraneous intergrowths. Moreover, from analogy with other poly- 
morphous compounds, the range of condition in which the two forms 
of bomite could co-exist would be limited and, outside that range, one 

** For a treatment of this subject in some r6Q;)ects new and not yet well tested on 
American material, see Hans Sehneiderhdhn: ^^Paramorphoaen von rhomb. Kupfer- 
glanz naoh. reguL CuiS, Senkenbesrgiana” (1920) 2, 1—16, and, Anleitung zur Micro- 
scopischen Bestummmg und Untersuohunfe von Ei^ien und Anfbereitungsiprodiikten’' 
(1922). 

Op. ciL 
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form would pass over into the other. It is improbable that two bornites 
could precipitate and persist through varying temperature conditions 
without one of them undergoing inversion; and such an inversion would 
develop pressure or shrinkage cracks. The two bornites would differ 
in density, and if they were in pressure equilibrium at the time 
of their formation, and one inverted, there would be an increase or 
decrease in volume. Any expectable evidence of such inversion — ^for 
example, a mosaic intergrowth of cracked and uncracked grains — has 
not been found. 

Furthermore, any other direct evidence for two kinds of bomite 
is not available. The necessary difference in replaceability between the 
two bornites, as has been shown, is great indeed. That such a difference 
should actually exist, and never be evident in parallel differences of color, 
hardness, and susceptibility to chemical attack, is improbable. And 
that this particular hypothesis, resting on a priori grounds, unsupported 
by direct evidence, and constituting only one among competing hypothe- 
ses, should be the correct one, would be a matter of chance only. 
This chance seems vanishingly small, and the idea of two bornites may 
be laid aside. With this idea, the sole refuge of the supergene 
hypothesis disappears. 


Mickoscopic Criteria op Origin for Butte Chalcooite 
(Commonly but not invariably applicable) 


SUPBBCFIDNB 

Control by obvious channels. 


Angular relics of older sulfide, especially 
in the earlier stages of replacement. 

Lattices dependent on visible channel- 
ways. 

Abundant chalcooite free from bomite. 

Chalcooite occurring with bomite but 
only in clearly replacement relations 
to it. 


HYPooBwa 

IVeedom of control by obvious channels, 
especially the occurrence of medial 
chalcooite insulated by peripheral 
bomite, and of chalcocite-bornite 
mixtures adjacent to clear chalcooite 
or bomite. 

Rounded or corroded relics of older 
sulfide. 

Graphic and mutual structures, lattices 
independent of visible channelways. 

Bomite widespread through chalcooite 
and minutely intermixed with it. 

Chalcocite-bornite in contemporaneous 
relations grading into chalcocite-bom- 
ite in replacement relations, where the 
replacement is not clearly of the 
supergene sort. 


Summary 

The field argument shows that the deep chalcooite, if it be supergene, 
must have been produced by the replacement of a sulfide of extra- 
ordinarily easy replaceability. 

▼OI., line. — 61 
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The microscopic argument proves that this mineral must have been 
hypogene bomite. It proves that no deep chalcocite occurs without the 
admixture of at least some bomite; that, in part, the chalcocite replaces 
bomite in peculiar structures non-characteristic of supergene enrichment ; 
and that, in part, the chalcocite is associated with bomite in patterns 
indicative of contemporaneity. The only remaining refuge for the 
hypothesis of supergene origin is the assumption that there are two 
bornites, one having normal replaceability permitting chalcocitization 
which waned with depth below the capping, and the other having 
extraordinary replaceability enabling it to be wholly changed to chalco- 
cite even at the lowest mine levels of the district, over 3000 ft. below 
the surface. 

The idea of two such bornites is based on a 'priori grounds and is 
untenable. The conclusion is that the deep Butte chalcocite is hypogene. 

DISCUSSION 

G. M. Schwartz,* Minneapolis, Minn, (written discussion). — Most 
of the statements and conclusions of the authors can scarcely be questioned 
but a study of numerous specimens from Butte and elsewhere has 
suggested an addition and a modification, as interpreted by the writer. 

The paragenesis, as given on page 26, is (1) quartz and pyrite, (2) 
enaigite, (3) bomite and, in minor quantity, chalcopyrite, (4) chalcocite 
and coveUite. Recently, when examining a set of Butte ores containing 
much enargite it was discovered, on etching the enargite, that tennantite 
was rather universally present as stringers and veinlets cutting the 
enargite. The tennantite was clearly earlier than bomite. Thus the 
paragenesis was: pyrite, enargite, tennantite, bomite, chalcocite. It is 
noteworthy that the general increase in the copper content was not inter- 
rupted, as tennantite has a percentage of copper between that of 
enargite and bomite. 

There may be some question with regard to the statements on graphic 
intergrowths of bomite and chalcocite. It is stated that the graphic 
stmoture was not produced by undoubted supergene replacement and 
that no instance of their actual replacement has been proved. It is 
concluded that bomite and chalcocite in graphic intergrowths are con- 
temporaneous. 

Specimens studied by the writer from Butte and elsewhere are sus- 
ceptible of different interpretations. In a specimen from the Leonard 
mine, chalcocite with residual patches of bomite is cutby many branching 
veinlets of bomite, which can be seen on polished surface with the naked 
eye. Under the microscope, graphic intergrowths of bomite and chalco- 
cite are found to be abundant, especially along the contact of the bomite 


* Assistant Professor of Geology, TTniveiBity of 
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veinlet witk the chalcocite. It is obvious that the bomite worked out 
from a tiny crack and replaced the chalcocite and the graphic inter- 
growths were probably formed in this manner. 

Further evidence of replacement and supergene origin was noted in 
ore from the McGowan mine, Parry Sound, Ont. The ore came from open 
pits and is composed mainly of quartz-bornite aggregates with some 
chalcocite and malachite, the latter occurring especially in vugs. The 
presence of malachite is a strong argument for the supergene origin of the 
chalcocite. Along the contact between the chalcocite stringers and the 
bomite are numerous graphic intergrowths. The writer believes them 
to have been formed by supergene replacement. As far as Butte is 
concerned, intergrowths of probable supergene origin have not been noted. 

In general, it hardly seems safe to conclude that graphic structures 
necessarily mean a contemporaneous crystallization of chalcocite and 
bomite and that such structures are never supergene. 
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Primary Downward Changes in Ore Deposits* 

Bt W. H. Emmons, Mdcneapolis, Mwn. 

(New York Meeting, Pebruaiy, 1924) 

Most mineral deposits change as they are followed downward on their 
dips. Some of these changes are due to primary arrangement; different 
ores were precipitated at different depths when the deposits were 
formed. Other changes are due to weathering or secondary enrichment. 
The chief changes resulting from weathering, in the main, are understood 
and standard changes are recognized. The processes are relatively 
simple. They take place at ordinary temperatures and pressures and can 
be duplicated in the laboratories. Moreover, there are thousands of 
deposits available for study, because the processes take place near the 
surface where the development of mines is begxm. 

The changes due to primary arrangement of the deposits of the metals 
are not so well understood. Deposition has taken place at higher 
temperatures and our knowledge of the chemistry of the processes leaves 
much to be desired. Very few experimental data are available. The 
deposits, moreover, offer fewer examples because many mines are not 
developed to depths where the changes can be studied and a change to 
unprofitable material usually results in stopping work. 

Most students of ore deposits now accept, as confirmed, the hypothesis 
that nearly all lodes and related deposits were formed by solutions 
originating in intrusive igneous masses. Outward from these masses, 
the deposits at many places are grouped in zones and the arrangement 
noted from the intrusions outward are commonly the reverse of the changes 
noted from the surface downward in a sin^e lode. A study of the changes 
in groups of deposits, from the parent intrusion outward, will throw light 
on the changes to be expected in a sin^e lode downward. Because the 
changes in series of deposits from the intrusive outward niay all be 
observed near the surface, where mote data are available, it is possible to 
increase the number of examples many fold and to apply the statistical 
method of study with greater confidence of avoiding error. 

It is not everywhere possible to identify the parent igneous body to 
which a group of ore deposits are related. Several kinds of criteria are 
available; certain groups are superior to others. By applying the 

* A paper presented at a joint meeting of the American Institute of Mining and 
Metallurgical Ei^neers and the Society of Economic Gleologists. 
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criteria that are less likely to result in error and by using only those results 
obtained and no others, it is possible to follow the steps of the intrusion of 
an igneous mass and to construct the history of rock differentiation and 
min eral deposition. By using only those examples that fall within the 
group of which the parent masses can be identified with least likeli- 
hood of error, and by excluding others, the series of changes noted are 
found to fall into a few groups. 

In this investigation, certain areas are given preference. A zone of 
Tertiary deformation belts the Pacific and extends westward from the 
East Indies through Asia, Europe, and northern Africa toward the West 
Indies. In this zone deposits formed at shallow depths greatly predomi- 
nate. Between this belt, here called the Earth’s Hinge Zone, and the six 
pre-Cambrian Shields, there are six areas, one on each continent, that 
contain deposits formed mainly in Paleozoic and Early Mesozoic time. 
These areas are called the Bow Areas, because their belts of deformation 
and intrusion commonly form bows with the ends bent backward toward 
the shields. These areas are the most favorable for studies of ore genesis, 
because they are richly metallized and the rocks and the deposits are 
not so commonly metamorphosed as those of the shields. Erosion has 
gone farther than in the Hinge zone, so that the sources of the metals 
are more often exposed. So far as practicable, the maps of these areas 
and the literature of the deposits have been studied systematically in 
formulating and testing a group of working hypotheses. 

In the past few years, in connection with professional duties, I have 
had opportunities to study, in the field, parts of four of these areas, on 
four continents; and while I personally have mapped only small parts of 
these preferred areas, the investigations have led me to a greater appreciar 
tion of the value of the work that has been done in many remote districts 
and to a better acquaintance with the literature of the areas containing 
them. I regret that in a short paper of this nature it is practicable to 
cite only some of the most important sources of information, 

Critbeia for Recognition of a Parent Igneous Mass with Which an 
Orb Deposit is Associated 

Magmatic cegregaiionc are essentially igneous rocks that are workable 
for metals. They grade into the parent magmas, and if the deposit was 
heavier than the parent magma, it will often lie below the remainder of 
the rock that the noiagma formed on solidifying. If the segregation was 
injected into the place it now occupies, its parent magma may be wholly 
concealed; if so, it is likely to remain undiscovered. On the other hand, 
rocks that are exposed in the districts containing magmatic injections may 
be parts of the parent magma from which the injections were derived. 
If a region Includes several districts containing similar deposits, and 
if all or nearly all of the deposits adjoin, or are found near, a certain 
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kind of rock| it is rational to suppose that the parent mass is such a rock. 
Thus Vogt,^ finding norite and nickel ores in Norway to be almost 
universally associated, concluded that the norites were the parents of the 
nickel ores. Subsequent surveys at many other places in the world 
supported his conclusions. Vogt studied also the pyrite and copper- 
bearing pyritic ores of Norway and in 26 of 28 districts he found gabbro 
near the deposits. He concluded that the gabbro was the parent rock of 
the p3nritic deposits. The latter he regarded as igneous intrusions or 
solidified magmas. Although copper-pyrite intrusions are of subordinate 
importance in other parts of the world, compared to the lode deposits of 
copper ore associated with more acid rocks, the associations in Norway 
seem to be so nearly general that Vogt^s conclusions are accepted by 
many for those deposits. 

The association of chromium ore with peridotites is essentially 
universal and that of platinum with peridotite is nearly so; consequently 
one is disposed to regard such associations as having genetic significance 
in new districts where chromium or platinum are found in peridotites, 
or in the serpentines derived from them. 

In general, it is not difficult to identify the parent of a magmatic 
segregation that was segregated at the place where it now lies. In some 
districts, there is a whole series of segregations from acid or intermediate 
rocks to the basic ones that carry the deposits. In the Sudbury district, 
as shown by Barlow and by Coleman, the nickel ore segregated to the 
bottom of the mass; subsequently the central part of the laccolithic sheet 
sank. This type of laccolith is characterized by Grout as the lopolith. 
When such an intrusion is planed off by erosion, the ores occupying the 
lowest part of the body will outcrop as a ring aroimd the mass. 

On the other hand, many platinum-bearing peridotites in the 
Urals^ and also some titaniferous iron ores outcrop as disks surrounded 
by more acid rocks, which grade into them. The series may be the 
differentiation products of a laccolithic chamber domed up in the center, 
but this is obviously difficult to determine except where erosion has gone 
far, or deep drilling is available. It is possible that certain titaniferous 
iron ore deposits, like the elongated disk of Routivaare,* Sweden, which is 
known to be relatively thin, have such an origin. The average vertical 
depth of that deposit, according to Tegengren cannot be estimated to be 
more than tens of meters. It is possible, also, that some of the larger 
basic magmatic segregations, differentiated in place, are not in floored 
chambers flaccoliths, etc.)i for that is certainly true of some of the smaller 
ones like the schHeren and related deposits. 


1 J- H. L. Vogt; Zeit. prak, Geol, two series of papers in 1893-1896, 1-8. 

*L. Duparc: Le platine et les gites platinif^ de rOural Extrait des Archives 
dee Sciences physiques et natunHes (March to June, 1911) 81, 1-80. 

* F. It Tegengren: ‘‘Iron Ore Resources of. the World,” 2, 684. 1911. 
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Pegmatite deposits are essentially magmatic segregations of the acid 
type, and the criteria for the recognition of their parent masses are 
similar to those stated. They are rarely found at the bases of their 
parent masses, however, but often near their borders. The pegmatite 
solutions are more mobile and are likely to move farther from 
their sources. 

Contact metamorphic deposits are generally found near the rims 
of the rocks that represent the magma that supplied the materials for 



Fig. 1. — ^Plan and ckobs-sbotion of a district showing contact metamorfhic 
deposits; area marked BT crosses represents magma that IB believed to have 
contributed the metals, 

their genesis, Fig. 1. But some axe found at a distance from the immedi- 
ate contact and others replace the intruding rock itself. The latter must 
be associated genetically with a parent mass below the metamorphosed 
igneous rook or with a part of the igneous mass that solidified after that 
containing the deposits had formed. 

All of the deposits above mentioned are genetically associated with 
rocks that cooled slowly. Surface lavas and small dikes rarely, if ever, 
Sdeld large valuable epigenetic deposits of any type. The flows cool too 
quickly to differentiate. Small dikes, as a rule, cool quickly and also 
are too small to supply adequate sources of the metals. 

Mineral veins and related deposits offer the most difi5.oult problems 
connected with the identification of their parent magmas. In some 
districts, veins of a c^ain type are associated with certain distinctive 
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rocks. Where this association is suificiently dose and where the number 
of deposits and of associated rocks is large, the evidence is correspondingly 
impressive. The method of inquiry is similar to that already mentioned 
in connection with the magmatic sulfide deposits of Norway. 

In certain regions, there are many igneous bodies but the lodes are 
confined to those roclm that are older than one of the igneous intrusions. 
The rocks that form the walls of the deposits must have been solid when 
the deposits were formed and could not have contributed solutions at 
that stage. It is a reasonable inference that the magma below that which 
contains the lodes contributed the solutions, or that the liquid mass that 
cooled to form one of the barren rocks was the parent mass. It is possible, 
however, that the metals were derived from some deeper mass, no part 
of which is yet exhumed. 




Fig. 2.— Plan and ceoss-sbotion op 

AN ABBA INTBTTDBD BT AN IGNEOUS BODT 
WITH LODB DEPOSITS IN CENTRAL PORTION 
AND NEAR RIMS OP INTRUDING BODT. 


Fig. 3. — ^Plan and cross-section op 

AN AREA INTRUDED BT AN IGNEOUS BODT 
WITH LODB -DEPOSITS CONPINED TO AREAS 
NEAR CONTACT OP INTRUDING BODT AND 
INTRUDED ROCKS. 


In many districts, the mineral deposits are closely associated with a 
single granitic or other intrusion. If the lodes are found in the central 
part of such an intrusion as well as near the rims. Fig, 2, it is obvious that 
the metals of the lodes were not derived from the rock now exposed. 
The deposits were formed after the fractures that they fill and the wall 
rock must have solidified before the fracturing. It is a reasonable infer- 
ence that the metals of the veins came from a magma below the rock out- 
cropping, which, however, may be a part of the same intruded unit. 

In other districts, the lodes are confined to the peripheral regions, 
Fig. 3. This is much the more common arrangement in large stocks, 
except in those that enclose islands or roof pendants of older rocks, and 
those that are intruded by later igneous bodies. Fig. 2 illustrates a 
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common type of arrangement in small stocks or batholiths, that have not 
been deeply truncated by erosion,* but one almost unknown in large 
ones. The arrangement shown in Fig. 3 is the almost universal type in 
batholiths or stocks more than 15 miles across and one only rarely finds, 
in districts that contain deposits belonging to one metallogenic epoch, 
the valuable lodes in the central area, in batholiths with outcrops more 
than 10 miles wide. Where the lodes are found only in the periphery of 
the stock, it is a reasonable inference that the barren area in the' interior 
represents the magma that contributed metals to form the lodes. If the 



Fro. 4. — AMD OKOSS-SHOraON OP PABP OP APT INTBUSTTB, CONTAININO ISLANDS, 

bblibvbd to bb HOOP pundants, nbab top op a batholith; deposits aub in and 
NBAS hoop pbndants. 

interior had been solid when the ores were deposited and if the solutions 
had come entirely from a deeper seated source, it would be expected 
that the interior of the intrusive as well as its periphery would contain the 
metalliferous lodes. 

In still other districts, the metals are mainly in the roof pendants 
or in the idands surrounded by granitic rocks, Fig. 4. In some of these 
districts, the lodes are found also in the intrusions, but rarely (almost 
never) more than a short distance from the contacts. It is reasonable to 
suppose that the magmas which smrounded the roof pendants are the 
sources of the metals in the lodes which are in or near the roof pendants. 

< B. S. Butler: Belations of Ore Deposits to Different Types of Intrusive Bodies 
in TJtalu Boon: Gtol. (1916) 10, 101-122. 
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In certain districts, there is a well-defined series of deposits passing 
outward from a center. The deposits of the metals are arranged rudely 
about a central belt or disk, occupied by outcrops of one or more igneous 
intrusions. The inference is justified that these intrusions, or others 
below them, represent the parent masses. 

Changes Related to Depth 

When precipitation takes place from a solution containing many salts, 
they are deposited in order and the least soluble are deposited first. 
Thus, it would be supposed that ascending hot solutions, highly charged 
with mineral matter, would, on entering cooler regions, deposit minerals 
in reverse order of their solubilities. The solutions are alkaline® and the 
order of deposition is unlike that which is followed when secondary 
sulfide enrichment takes place, for the waters in the upper parts of sulfide 
deposits are acid. The secondary changes are related to the changes 
in composition of the solution rather than to their temperatures. On 
the other hand, the primary differences are closely related to the physical 
conditions that prevailed, particularly to the temperatures and pressures.® 
The mineral groups that are deposited at different depths are charac- 
teristic. Passing outward from an igneous mass the temperatures 
decrease, as they go upward toward the surface. Thus the same changes 
that are found from the surface downward are often shown in reverse 
order from the batholith outward. The series of changes^ is reflected, 

• W. H. Emmons and G. L. Harrington: A Comparison of Waters of Mines and 
Hot Springs. Econi Oeol. (1913) 8, 653-669. 

•W- lindgren: Relation of Ore Deposition to Physical Conditions. Econ, 
Geol (1907) 2, 105-127. 

W. H. Emmons: A Genetic Gassidcation of Minerals. Econ. Geol. (1908) 
8, 611-627. 

'J. E. Spurr: “The Gre Magmas.” N. Y., 1923. McGraw-Hill Book Co. 
See also an earlier paper by Spurr: A Theory of Ore Deposition. Econ. Oeol. 
(1907) 2, 781-796. 

R. Sales: Ore Deposits at Butte, Montana. Trans. (1913) 48, 3-106. 

P. Billingsley and J. A. Grimes: Ore Deposits of the Boulder Batholith of 
Montana. Trans. (1918) 58, 284-361. 

R. H. Rastall: Metallogenic Zones. Econ. Oeol. (1923) 18, 105-121. 

R. EL Rastall: Geology of Metalliferous D^osits, 175-201. Cambridge, 
1923. 

L. DeLaunay: 'Traits de Metallog^nie: Gites Mindraux, etc.” Paris and Li6ge, 
1913. Bdranger. 

W. H. Wong: Mineral Resources of China. Mem. Geol. Survey of China 
(1919) No. 1, 1-270. (In Chinese.) , 

J. F. Kemp: After-Effects of Igneous Intrusion Geol. Soo. America BuU. 
(1922) S3, 231-250. 

W. Lindgren and G. P. Laughlin: Geology and Ore Deposits of the Tintio 
Mining District, Utah. U. S. GeoL Survey Prof. Paper 107 (1919) 1-282. 

E. 8. Bastin and J. M. Hill: Economic Geology of Gilpin County Adjacent 
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not only in the minerals that make np the deposit, but also in the most 
abimdant metals of the deposits; and because opportunities for observation 
are more often afforded at the surface of the earth, they offer a promising 
field for investigation. The zones, as expressed by horizontal arrangement, 
have recently received much attention; and as detailed surveys of many 
districts become available, they will throw more and more light on the 
problems of ore deposition. 

Successive Zones 

In many districts, as already noted, the mineral deposits are arranged 
in series about a parent igneous mass. Where the metals named are 
present, a common series is: tin, tungsten, arsenic, bismuth, copper, zinc, 
lead, silver, antimony, mercury. The metals are named approximately 
in the order in which they occur from the intrusive outward, and in the 
reverse order from the surface downward. This arrangement depends 
on the physical conditions that prevail around a cooling igneous mass and 
on the chemical solubilities of the salts that precipitate from the solutions. 

Some of the metals are not named in the series above stated. Iron 
oxides appear in the series along with copper sulfides, and also with tin 
and tungsten. Iron sulfides appear eveTywhere. Gold appears in the 
series, beginning with arsenic and ending with antimony. In those 
series containing the largest deposits of tin and tungsten, however, gold 
is only sparingly present. As Lindgren noted long ago, gold is one of the 
most persistent minerals, ranging from the region of high temperatures 
and pressures to those that prevail at shallow depths. The other metals 
also occur in the series in small amounts at places other than those shown 
in the normal series, even in the normal development of deposition. 
They are normally precipitated in largest amounts, however, in the 
order named. The metals that segregate either chiefly, or altogether, 
from the basic magmas are: chromite, the platinum group, nickd. On 
the positions of deposits of manganese and of cobalt, the data are con- 
flicting; that is true also of rarer metals, vanadium and uranium. 

Areas Not Containing Zones 

In certain districts, the mineral deposits do not show regular zones. The 
deposits of the various metals are found here and there without order. 

Parts of Clear Creek and Boulder Counties, Colorado. XJ. S. Geol. Survey Fro/. 
Paper 94 (1917) 1^379. 

£. S.,Bastin and F. B. Laney: Genesis of Ores at Tonopah, Nevada. U. S. 
Geol. Survey Prof. Paper 104 (1918) 1--50. 

J. B. tJmpIeby: Occurrence of Ore on the Limestone Side of Garnet Zones. 
Umv. of California Pub. (1916) 10, 26-37. 

J. Schofield and G. Hanson: Geol. Survey of Canada, Mern. 123 (1922) 1-73. 

F. L. Eansome and F. C. Calkins: Geology and Ore Deposits of the Coeur 
d’Alene District, Idaho. U. S. Geol. Survey Prof. Paper 62 (1908). 
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Many other districts show locally only fragments of the normal series. 
This absence of the common order may be seen: in single veins from the 
surface downward, in the series passing outward from a magmatic center, 
or in sin^e lodes pas^g outward from a center. 

The irregularities and reversals in arrangements in the positions of 
deports may be due to: (1) overlapping of deposits from two or more 
magmatic centers; (2) retreat or advance of magmatic centers during one 
period of deposition; (3) deposition in a single area in different epochs of 
metallization; (4) other causes not understood. 

1. The fluids that carry metals out of magnoas move upward to points 
of less pressure. Most batholiths dip outward. They have rather 
gently sloping roofs in the main; 45® or less is probably the average. 
Above the roofs are ridges and cupolas; these are the more favorable 
places for deposition. Many batholiths have two or more ridges or 
cupolas. The fluids that carry metals rise in the magma to near the 
walls of the batholiths and then they tend to be deflected upward. They 
get into Assures and then move outward and upward from the ridges and 
cupolas. Zones tend to form about the high points, the ridges and cupolas, 
and the zones from two centers may overlap. Thus there may be a lack 
of orderly arrangement in deposits formed at the same time. Veins of 
approrimateiy the same age may cross or join each other so that a lode 
with ore low in the series will cut one with ore higher in the series, or 
vice versa. 

This explanation accounts for overlapping shown by different veins 
on the surface; it does not account for reversals in the normal order from 
the surface downward except where veins cross or join. It is a fact 
also that overlapping in different veins on the surface is a very common 
feature in mining districts, but reversals down the dip of veins is much 
less common. Thiis, one rarely finds a large well-defined oreshoot of 
cassiteiite passing gradually downward into one of copper, or a deposit 
of rinc ore passing into one of lead with depth, although many copper 
veins pass into tin veins and scores of lead veins pass into zinc. 

In some districts, the evidence seems dear that the solutions that 
deposit the ore have traveled upward through the magnrmfi along the 
borders of the magmatic chamber to its highest points. There is much 
evidence that this has happened in the Cornwall and Devon tin fields, 
where nearly aU the depodts are centered about cupolas nrid ridges. 
But in many districts certainly deposition takes place also on the sides 
of the chambers wdl down from the cupolas, for even the smallest roof 
pendants, which must once have been at the bottoms of the troughs, are 
foimd to contain valuable lodes. 

2. Overlapping of deposits may be due also to retreat and advance of 
magmatic centers. If, during the period of deposition, a magmatic 
chamber is expanding either by thrust or by stopihg, a wave of metalliza- 
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tion will be superimposed on an earlier one and it will extend farther out. 
This is brought out by Spurr in papers already cited. If the magma 
solidifies from the surface downward during deposition, a zone may be 
superimposed on earlier ones so that the later zones do not extend so far 
outward; this also causes overlapping. The overlappings due to such 
processes are not so common as might be expected, however, for as 
brought out later, nearly all of the epigenetic ores of metals, except iron, 
are formed during relatively brief periods and after magmas have dif- 
ferentiated to form quartz diorites, monzonites, granodiorites, or granites. 

3. Overlapping may be due also to deposition in a single area in 
different epochs of metallization. Even a feeble metallization super- 
imposed upon an earlier one will result in complications that are often 
difficult to interpret. 



Fio. 6. — Section or a bathoiiHh showing maHEsr ctcfoiiA teat will be 
EXPOSED ON EROSION SITBVACE 1, A EIGE SATELLITE THAT WILL BE EXPOSED ON EROSION 
STTREACE 2, AND A LOW SATELLITE THAT WILL BE EXPOSED ON EROSION SURFACE 3. 

4. Many districts do not show any zonal arrangement of the metals. 
With a few noteworthy exceptions described later, these include the 
deposits of the pre-Cambrian shields. The causes are not understood, 
but one may speculate regarding them and formulate a working hypothe- 
sis. There is much evidence that batholithic chambers in general slope 
outward. Locally, there are reversals of the slope and that gives rise to 
satellitic intrusive bodies around the larger masses. Erosion will first 
reveal the ridge of the roof, as shown by surface 1, Fig. 5. This is the 
“apically truncated stock.”’ Continued farther, erosion will reveal the 
hi^ sat^tes as shown by erosion surface 2. Still later the lower satel- 
lites are exposed, as shown by erosion surface 3. The zonal arrangements 
of the metals are best developed in and arotmd the apexes of batholiths 
and around high satellites. The metals deposited in connection with the 
lower satdffites show the zonal arrangement less perfectly and many of 
them do not show it at all. High on the batholiths, the fissures are more 
open and the solutions move more freely to the surface At greater 


* B. S. Butler: Loe. dt. 
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depth, the fissures are not so open and connection with the surface is 
less readily established, and pressures will not vary uniformly. The 
hypothesis that certain fissures that are filled by veins do not connect 
freely with the surface was stated by Graton in his treatment of the 
Appalachian gold deposits.® 

There is also a separation of metals deep down in the magmatic 
chambers, for gold deposits are much more abundant than those of 
other metals, except iron, in roof pendants and around satellites low 
on magmatic chambers. 

In many districts, certain metals of the series are wanting; in others, 
they are only sparingly present. Certain zones may be only feebly 
represented, or they may be absent altogether. The solutions that deposit 
the metals doubtless are different in different places. Certain metals 
seem to be essentially absent in some of the chemical systems that are 
given off from igneous magmas. 

In some districts of Tertiary metallization, no orderly arrangement in 
zones appears to be present. Spurr attributes this lack of order to 
telescoping” due, in part, to rapid deposition. As recently pointed 
out by Butler,^® no entirely adequate explanation of the downward 
failure of many Tertiary deposits is yet forthcoming. There is a barren 
zone below the great majority of such deposits and it cannot everywhere 
be due to the downward termination of the zone of secondary enrichment. 
It is certainly the most persistent barren zone in the whole series. It 
appears probable that the rising solutions deposit their loads in the normal 
arrangement at depth and cease to deposit actively until they approach 
the surface, where they mingle with ground waters and are cooled, and 
particularly where gases are allowed to escape. It is probably the 
presence of the gases that permits the solution to hold certain dissolved 
metals at relatively low temperatures. The processes have been studied 
expeiimentally and discussed by Tolman and Clark. 

There are, nevertheless, zones or series fairly well defined in the areas 
of Tertiary deposition that approach closely the normal type. One of 
these is in Tuscany, where the order is: tin, iron and copper, a little zinc 
and lead, antimony, mercury. There is some overlapping, particularly 
near the end of the series. Another series is shown in northern Italy and 
southern Austria in the southern Alps. South of a belt of gold, copper, 
and iron deposits is one of lead; and south of that, a series of mercury 
deposits. The gold and iron deposits of the first-named belt, however, 
are, in part at least, probably older than the lead and mercury deposits. 

*L. C. Graton: Reconnaissance of Some Gold and Tin Deposits in the Southern 
Appalachians, U. S. GeoL Survey BvJL 293 (1906) 60. 

B. S. Butler; Review of J. E. Spurr's paper on the ore magmas. Econ, Gkol. 
(1923) 18 , 786. 

0, P. jr. Tolman and J. D. Clark: Econ, OeoL (1914) 9, 559-692. 



•W. H. EMMONS 


976 


At Littai, in the southern part of this belt, a deposit carrying mercury 
near the surface is followed downward into lead ore without mercury. 

In Algeria and Tunis, as pointed out by DeLaunay, the Tertiary series 
is copper and iron, zinc and lead, antimony, mercury. The copper and 
iron deposits are near the coast; the zinc-lead deposits occupy an inter- 
rupted belt south of it; and the antimony deposits, with some scattered 
mercmry deposits, lie in a belt still farther south. These series are instruc- 
tive for they link the metallization of the Tertiary tsrpe with that 
of older types. 

Relative Value op Ceiteria 

The criteria above enumerated are not of equal value. Where 
deposits are constantly associated with certain igneous masses over 
wide areas, it does not follow that the metals of the deposits are derived 
from the magmas that solidified to form the rocks. Both may have 
originated from the same source — a magmatic chamber not yet exposed 
by erosion. That is highly probable if the deposits are in the rocks that 
formed the intrusive, for the wall rock is older than the lode that it 
encloses. In areas of later Tertiary metallization, a majority of the 
deposits are associated with andesites. The andesite in many cases 
certainly did not supply the metalliferous solutions, for the andesite had 
already sohdified before the deposits were formed. Both were evidently 
derived from deeper sources. 

The criteria that are less likely to lead to error are those that depend 
on the relations, already stated, that are shown: (1) in areas with deposits 
of contact metamorphic origin around an intrusive that is not itself 
replaced by the metallizing solutions; (2) in areas containing intrusives 
with peripheral lodes, but without lodes in the interiors of the intrusives; 
(3) in areas with roof pendants or of older rocks siirrounded by igneous 
rocks where all the deposits are in the roof pendants or near them; (4) 
in areas showing the zonal arrangements approaching the normal series. 

If, at first, our studies are confined to those areas where these four 
groups of criteria may be applied and if we formulate our working 
hypotheses from the results of those studies and then apply those hypothe- 
ses to areas containing other deposits and find them workable, we are 
least likely to arrive at erroneous conclusions. 

Rook Dipfebentiation and Orb Deposition 

In the discussions of differentiation in connection with igneous in- 
trusion, it is assumed that differentiation goes on chiefly by falling out 
of inystals as. the magma cools. The light ones rise and the heavy ones 
sink, and tjtie ziiagma becomes more acid in its upper portion. Daly,'^ 

B. A Daly; “Igneous Rooks and Their Origin,” 436. N. Y., 1914. MoGraw- 
Hill Book Co. 
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working from the field side, concludes that basaltic magmas are the 
primary material from which igneous intrusions have differentiated 
since the time of the oldest known rocks. Bowen, approaching the 
problem from the experimental side, concludes that ^^most, if not all, 
igneous rocks have probably been derived from basaltic magma. 

These investigators differ in their conclusions as regards assimilation 
of the invaded rocks by the magmas. The shapes of the batholiths, 
however, show that stoping or some similar process has taken place, 
for many batholiths have nearly flat roofs extending over hxmdreds of 
square miles. Many of them cut directly across the strike of invaded 
beds. The latter are disturbed, but at many places are arched only to a 
subordinate extent- 

At many places we find serpentines derived from peridotites and 
pyroxenites associated with intrusives. They are often crossed by 
later granitic dikes. The most basic rocks probably represent the 
differentiates of the early basaltic or gabbro magma, but some injections 
are probably originally more basic than normal basalt. The differentia- 
tion series is: basaltic-dioritic-granodioritic-granitic-aplitic. The ap- 
parent exceptions to the order of differentiation from basic to acid 
rocks shown by the relations of intrusives in certain districts have been 
accounted for long ago by Iddings, Cross, Spurr, and others, and need 
not be reviewed here. 

Whether we accept the stoping hypothesis, as developed by Daly, or 
not, we must accept his conception of the shape of the granitic batholith. 
Not only is it supported by a mass of field data, which Daly presents, but 
by many observations in widely separated areas, in reports that have 
appeared since Daly’s early papers were issued. With a few exceptions, 
those batholiths of which the shapes are known slope outward and the 
lodes that are associated with them were formed near and above their 
relatively flat roofs. That conception is, I believe, a vital one for a 
proper interpretation of the relations of vertical and horizontal changes 
in lode systems. 

The basic and intermediate magmas in the batholith become acid 
by differentiation. The first minerals to solidify are the ferromagnesian 
minerals; they are heavier than the magma and fall, leaving a more acid 
residue. Those parts of the magma that cool at the earlier stages form 
basalt, if extravasated, and gabbro if injected. The latter are generally 
dikes, or the marginal phases of the batholith. Later, these basic phases 
may be destroyed by the rising magma of a still liquid batholith, or they 
may be intruded subsequently by more acid intrusions. 

If the magma breaks throu^'the roof of the batholith at the early 
stage, basalt flows are formed. The common intrusion which may be 

*» N. L. Bowen; Later Stages of the Evolution <rf I^eous Rock. Jnl, of OeoL 
(1915) 23, supplement, 1-91. 



W. H. EMMONS 


977 


regarded as the normal one is represented by Fig. 6. If segregation takes 
place in the dikes, sills, and larger bodies of basic rock, certain mineral 
deposits may be separated at this stage. Platinum, osmiridium, nickel, 
chromium, and segregations of iron may be formed, as well as the non- 
metallic minerals, asbestos, serpentine, magnetite, or materials that later 
are changed to form these non-metallio minerals. 

The next stage of the batholith is one in which the rocks of intermedi- 
ate composition are formed. Andesites rise and are extravasated; 
diorites, and rocks of nearly related composition, solidify around the 
margins and perhaps in the roofs of the batholith. If the preferred 
criteria enumerated are applied rigidly we find that this stage is probably 
the least productive of metals. The diabases, diorites, and andesites 
are commonly hosts of mineral veins, but the veins have formed at a 


Sasqlt 



Fig. 6. — Sketch of a batholith of gabbbo with outflow of basalt; begrb- 

GATIONS OF NICKEL, COPFEB, ETC. MAT TAKE PLACE AT THIS STAGE IN FLOORED SATEL- 
LITE CHAMBERS LIKE THAT SHOWN AT BIGHT; LINED AREAS REPRESENT INVADED SEDI- 
MENTARY BOCKS. 


later time than the rocks and are believed to be related to more acid 
differentiates. Nevertheless, a few iron-ore deposits have formed at 
this stage. The contact metamorphic deposits of magnetite with a little 
chalcopyrite at Cornwall, Pa., described by Spencer, are in limestone near 
diabase. The contact metamorphic magnetite and hematite deposits 
near Brosso and Traversello, Italy, which carry also P 3 rrite, are near a 
diorite that contains 60 per cent, or less of SiOg. The magnetite deposits 
of Villa de Trades in Portugal are near a rather basic rock. Many other 
contact metamorphic ironrore deposits are known to be associated 
with rocks that are only slightly more acid than the true diorites. 
Although certain deposits of iron oxides with a little pyrite and chalcopy- 
rite and probably small deposits of other metals have formed in the 
early diorite stage, that stage *is comparatively unproductive. It lies 
between the stages when metallic magmatic segregations, such as those of 
chromium, platinum, etc., are formed and the later stages that are chai^ 
acterized by formation.of the lode deposits. The batholith at the diorite 
stage is represented by Fig. 7. Offshoots at this stage and later ones, 
however, may yield series of segregations. 

In the third stage of differentiation, quartz diorites, monzonites, 
granodiorites, and granites form. Quartz porphyry dikes are intruded 
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and rhyolites may be extravasated. The magma may work its way 
up so that at many places the earlier formed diorite or the gabbro is 
removed, possibly “stoped^^ away. At such places, the granitic rock 
will form the margin of the batholith. 

Stoping, which is strongly suggested by relations in many batholiths, 
is not the only process involved when magmas rise; otherwise a doming 


Basalt 



Fig. 7. — SAmm as Fig. 6 aptob dhtebhntiation from gabbbo to diorith; 

ANBESITB IS EXTRAVASATED. A SHELL OF GABBRO REMAINS FORMING PART OF ROOF 
AT LEFT OF FIGURE. StAGE IS COMMONLY ATTENDED BY DEPOSITION OP IRON>OXIDE 
ORES WITH A LITTLE COPPER; IT IS LEAST PRODUCTIVE STAGE OF SERIES. 


or arching of the cover of the batholiths would not be so common. The 
magmatic mass often moves; probably the magma itself thrusts up the 
rooks. This arching is attended by &suring and commonly by faulting. 
The movements of the great masses of magmas are opportune, as they 
take place while cooling and differentiation are in progress. The third 
stage is represented by Fig. 8. 



Fig. 8. — Same as shown in Fig. 7 after diorite has differentiated to grano- 

DIOB ITB OR TO GRANITE. At THE LEFT, A SHELL OF DIORITE REMAINS; ELSEWHERE 
THE CHAMBER IS HJPEBNDBD, At THIS STAGE MOST MINERAL LODES ARE FORMED. 

In many granitic batholiths, there are aplites and eurites which 
represent late stages of differentiation of the granites or granodiorites. 
Some of them form very irregular bodies, like dikes that were intruded 
before the rocks they cut had completely solidified. They are often cut 
by the mineral veins and rarely cross the veins 'and therefore antedate 
the main^period of ore formation. Many deposits are closely associated 
with these dikes^and also with the crystalline porphyries that are off- 
shoots of the main granite masses. 
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The deposits of the metals form, in the main, in or near the roofs of 
the batholiths. This arrangement of most of the tin deposits was pointed 
out by Ferguson and Bateman.^* Deposition is concentrated in and near 
the cupolas or the highest parts of the batholiths or in the “roof pendants ” 
of the invaded rocks; that is, in those parts that project downward into 
the magmas. The diorites and quartz diorites are not uncommonly the 



Fio. 9. — Same as Fia. 8 Amnt iiosns havb fobmbd'in and abound boof ofbatholith. 


hosts because these rocks have generally solidified before the more acid 
granitic phases — the granites and the granodiorites. As a rule, the dio- 
ritic rocks form marginal phases and satellites of the larger granitic batho- 
liths. The latter are generally barren in their interiors because their 
metals have been transferred to and beyond the margins. The great 
interior masses have remained liquid longer than other parts of 
the batholith. 


Basaft 


Andfsitf 



Fia. 10 . — Same as Fiq. 9 afteib bbobion has bbmotbd a thin shell of andesite, 

BEVEALINO VALUABLE UFFEB FABTS OB BIGBEB ZONES OF VEINS. 

The final product of differentiation with associated mineral deposits 
is shown as Hg. 9. It is attacked by erosion. Erosion of only a few 
hundred feet will often uncover the richer parts of the veins in andesites 
and associated rooks; this stage is represented by Fig. 10. Deeper ero- 
sion, as illustrated by Fig. 11, will remove the tops of cupolas and reveal 
the deposits that, at many places, are generously deposited in and around 

H. O. Fergoson and A. M.' Bateman: Geological Features of Tin Deposits. 
IBcon. Geci. (1912) 7, 209-262. 
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t.hPTn Such deposits in Utah have been referred to, by Butler, as those 
of the apically truncated stocks. Further erosion will continue to remove 
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Fia. 11. — Same as Fig. 10 after erosion has exposed higher ctctpolas or tops 
OP ridges on roof; zonal arrangement is best exposed at this stage. 


the roof and will expose the lower paxts of roof pendants; this stage 
is illustrated by Fig, 12. A still later stage is one where erosion has 



Pio. 12. — Same as Fig. 11 aptbebbosion eas bbmotbd tops op cupolas and eidgbs; 

BOOP PENDANTS AND THEIB DEPOSITS BEUAIN. 


removed much of the main mass; a few soattffl^d veins around the rims 
remain. Fig. 13. 



Fig. 13. — Sabe as Fig. 12 apteb ebosion has bemoted much op the uain mass; a 

PEW SCATTBBED VB1IN8 ABOXHID THE BIMS BEMAIN. 


METAiiLoaENic Fbovxnces 

For the purpose of comparison and study of the earth’s mineral 
deposits, we may recognize thirteen major metalliferous provinces. The 
greatest of these is the Earth’s Hinge Zone,” a belt of Tertiary deforma- 
tion that surrounds the Pacific, and passes west through Asia and Europe 
from the East toward the West Indies. This belt is about 40,000 milM 

** W. H. TCmTn ons; "Metallogeny of the Earth’s Hinge 2!one.” Bead at the 13th 
Intematioiial Geologic Congress, Brussels, 1922. 
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long. It is the locus of the greatest Tertiary mountain folds, the 
greatest Tertiary and Recent igneous activity, of the greatest Recent 
faulting and of earthquake movements. Late Tertiaiy and Recent 
volcanism and diastrophism are not confined to this zone, but are greatly 
concentrated in it. Its rocks are marked by profound unconformities 
involving all the great systems. It has probably been an area of defor- 
mation sinpe pre-Cambrian times. It contains deposits of varied char- 
acter, but the deposits formed at shallow depths are most prominent; 
it contains the vast majority of such deposits. It is not unlikely that 
these deposits lie above buried granitic batholiths which, at most places, 
are not yet unroofed. 

The Hinge Zone is regarded as a belt that divides the remainder of 
the earth in three blocks, which move independently: (1) the high block 
that includes Eurasia, the North Atlantic and North America; (2) the 
intermediate block, which includes Australia, Africa, part of India, 
South America, and the oceans between; and (3) the low block, which is 
the Pacific Ocean. Each of the three blocks adjoins the Hinge Zone at 
or near the East Indies and also near the West Indies. The high block 
includes three shields: the Siberian, the Scandian, and the Canadian; the 
intermediate block also includes three shielde, the West Australian, the 
South African, and the Brazilian shields. Each of these shields is a 
metaUogenic province in which deposits of pre-Cambrian age predomi- 
nate. In the shields, the dominant types of lodes are those formed 
in and around roof pendants, or in and around batholithic intrusives 
that are largdy unroofed. Such lodes as those so conunonly associated 
with andesites in the Hinge Zone are almost unknown in the shidds. 

Between each shield and the Hinge Zone, there are areas of dosely 
folded rocks with granitic intrusives. These, in the main, are areas of 
Paleozoic and in places of early Mesozoic igneous activity. The folds 
and the belts of igneous intrusions are generally sharply curved. On four 
of the continents, and possibly on six, they form great bows with the 
concave sides toward the shields and the convex sides toward the 
Hinge zone. To facilitate description, they may be designated ae the 
Bow areas. 

Suess has described the great series of Paleozoic folds accompanied by 
igneous intrusions that extends from the western side of the Scandinavian 
shield southward into Scotland and England, thence east into France where 
it is develot)ed on the American shield. The area of Pedeozoic folding 
passes east to the Central Plateau, where it touches the zone of Tertiary 
deformation within the influence of the Alps. To the north and east, it is 
observed in the Vosges and Black Forest, in the Harz, the Erzgebirge, 
the Sudettes and Carpathians. In the Carpathians, it coincides broadly 
with the zone of Tertiary folding of the Hinge. It reappears again in 
the Urals, thus making a rude U on the south side of the Scandian shield. 
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The Siberian shield is, likewise, half suxrounded by a U of Paleozoic 
folds. This also was recognized by Suess and has been described and 
illustrated with maps by DeLaunay.^* 

In East Australia, there is a great bow formed of rocks folded and 
intruded in the Paleozoic and early Mesozoic time. It lies between the 
Australian shidd of pre-Cambrian rocks extensively developed in western 
Australia, and the Hinge Zone which passes throu^ New Zealand. 
These regions have recently been brou^t out by Andrews. 

In South Africa, in the Belgian Congo and North Rhodesia, north 
of the pre-Cambrian shield of Transvaal and South Rhodesia, is a great 
area of folding and volcanism, probably late Paleozoic. 

In North America, the Appalachian mountains and the Ouachita- 
Arbuckle-Wichita chain were folded at the close of the Paleozoic and great 
batholiths of granite were intruded. West of Oklahoma, the Permian 
and older rocks are buried; but in the Rocky Mountains, in the eastern 
part of the Hinge Zone, an unconformity between Permian and Triassic 
rocks shows that the area was folded near the dose of the Permian. 
Thus, there is a bow of Paleozoic folding in North America which corre- 
sponds to those of the eastern hemisphere. 

In South America, between the Brazilian shield and the Andes, there is 
a great area containing meridional folds and belts of intrusions of granite 
that were formed in the Paleozoic time. This area is not mapped in 
detail, but large parts of it are mapped in reconnaissance; it corresponds 
to the Bow areas of other continents. 

In the shields, tike most common geological settings of the mineral 
deposits are the basically truncated batholiths, the satellites low on the 
batholithic borders, and the islands surrounded by intrusive rocks which, 
we have assumed, are roof pendants. The mineral deposits of the shields 
rardy diow zonal arrangements of the metals about the parent intrusives 
although there are some noteworthy exceptions, mentioned later. 

In the Bow areas, the settinp mentioned as characteristic of the 
shields are noted in certain places, but the cupolas and the satellites 
high on the batholithic chambers are more common. That is because 
erosion has not gone so far. The zonal arrangement is very common. 

In the Hinge Zone, all settings mentioned above are found; but in 
many districts, the deposits probably are fax above their parent batho- 
liths. The zonal arrangement is much less common than in the Bow 
areas, but is well shown at a few places. 

Reconstbttcted Vein Ststbm 

A reconstructed vein: system is presented as Big. 14. No vein showing 
all these changes has been observed, but such laubab ly exist. The ideal 

I* L. CeLaunay: “La G^ologie et lea Biohesaes Min€raleB de I'Asie.” Paris, 1911 . 
BAraager. 
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vein system is made up of dements of several veins. Some such vein 
systems probably have a vertical range of 3 or 4 miles, and possibly 
much more. It is believed that veins showing the metals in the same 
order, but with three or four of the zones lacking, are common. Many 
such veins have probably been eroded so that only the lower parts remain. 


Surface 
Barren » . . . 

Mercury 

Antimony. . . 

Gold 

Silver 

Barren 

Silver 

Lead 

Zinc 

Copper 

Copper 


8 . 

9. 

10 . 


Gold 


11 . 


Bismuth. 
Arsenic . . 
Tungsten 


12 . 

13. 

14. 


Tin 16. 

Barren 16 


Barren zone, chalcedony, quartz, barite, fluorite, etc. Some 
veins carry a little mercury, antimony, or arsenic. 

Quicksilver veins, commonly with chalcedony, marcasite, etc. 
Barite-fluorite veins- 

Antimony ores — stibnite often passing downward into lead, with 
antimonates. Many carry gold. 

Bonanza ores of precious metals. Argentite, antimony and 
arsenic minerals common. 

Silver minerals, some copper, lead and zinc sulfldes, quartz, 
calcite, rhodochrosite, adularia, alunite, etc. 

Most nearly consistent barren zone, represents the bottoms of 
many Tertiary precious metals veins. Quartz, carbonates, etc., 
with pyrite and small amounts of other sulfldes. 

Argentite veins, complex antimony silver sulfides, stibnite, etc. 
Galena veins with silver. . Commonly silver decreases with 
depth. Quartz gangue, siderite common, often increasing with 
depth. 

Galena veins, commonly with some silver. Sphalerite gener- 
ally present, increasing with depth. Chalcopyrite common. 
Gangue is quartz and often carbonates CFe, Mn, Ca). 

Sphalerite velos with some lead and chalcopyrite, quartz, 
gangue. 

Tetrahedrite veins, commonly argentiferous, chalcopyrite 
present. Some pass downward into chalcopyrite. Enargite 
veins generally with tetrahedrite and tennantite. 

Chalcopyrite veins, generally with pyrite, often with pyrrhotite. 
The gangue is quartz and in some places carbonates. Some 
pass downward into pyrite and pyrrhotite with a little ohaloo- 
pyrite. Generally carry silver or gold. 

Gold veins with quartz, pyrite, and commonly arsenopyrite 
and chalcopyrite. At places zones 10 and 11 are reversed. 
Bismuthinite and native bismuth with quartz and pyrit^ etc. 
Arsenopyrite with chalcopyrite and often tungsten ores. 
Tungsten veins with quartz, pyrite, chalcopyrite, pyrrhotite, etc. 
Arsenopyrite is commonly present. 

Cassiterite veins with quartz, tourmaline, topaz, etc. 

Quartz with small amounts of other minerals. 


FlO. 14. — BBCONSTRUCTBD VEIN BTSTHSM FROM OTAR BATHOMTH ROOF TO SURFACE. 


In many veins, only one of the upper portions (2, 3, or 4), can be 
observed. Few of these veins have been developed beyond the barren 
zone, 5. Nearly all of the zones below 6 have been observed at many 
places grading one into the other. At some places, there are compara- 
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tively barren, zones between them, but sucb zones are less persistent than 
zone 6, and generally have less vertical extent. There are many veins 
that seem to end in essentially barren material — quartz with a little pynte 
and other minerals. These barren zones may be found below zones 6 
to 14. At many places, zones 7 or 8 are bottomed in barren quartz, 
in granite, and the barren vein can be followed far into the granite; the 
zones below appear never to have been developed. On the other hand, 
where the metals of the lower zones are present in noteworthy quantities, 
the series in a large number of examples is bdieved to be approximately 
that shown by Fig. 14. 

The series downward is in the reverse order of the series passing 
outward from a batholith. The order of the zones is that obtained from 
a study of: (1) downward changes in many veins; (2) changes in the 
filling along the strike in veins that strike away from the parent batho- 
liths; (3) changes in the filling of different members of a series of veins 
in which the series is exposed along a nearly level plane. Such a series, 
as stated, exhibits changes that are the reverse of those passing downward 
in a sin^e vein. 

As already noted, these zones are most often -exhibited in the areas 
that lie between the pre-Cambrian shields and the Hinge Zone, which is 
the belt of most prominent Tertiary deformation. They are found at 
certain places in the Hinge Zone; but generally they are not well shown, 
probably because erosion has not gone far enough to expose the lower 
members of the series. The lower members are shown only locally in 
the shieldB in the order indicated. The orderly arrangement does not 
seem to be so well expressed in deep roof pendants, or in and around the 
small granitic satellites of very large granite bathohths that were formed 
far down on the limbs of great magmatic chambers. 

1. The top of the reconstructed vein is barren. The materials 
deposited by hot springs and deposits in fissures immediately below them 
are generally unworkable. Mercury is present, however, in some deposits 
formed practically at the surface. At Sulphur Bank and Steamboat 
Springs, mercury has been mined in deposits now forming by hot waters 
within a few feet of the surface. 

2. Mercury deposits are formed not only far above the parent in- 
trusion, but they are probably formed farther from their parent magmas 
than lodes of other metals. There are no igneous rocks in the Almaden, 
Spfun, which is the world’s greatest quicksilver mine. In Kweichow, 
there is a bdt with deposits of mercury ores 300 miles long, extending 
into Szechuan and western Hunan. Outcrops of igneous rock in this 
area appear to be wanting altogether. In the south part of the Donetz 
coal field, Russia m Europe, far from igneous rooks several minea were 
worked for, quicksilver. The Littai deposits in Camiola, south of the 
Raibl lead district, and the Amiata quicksilver deposits of Tuscany seem 
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to lie in the ends of zones of metaUiferous series. It is noteworthy that 
in all of these districts (Kweichow, Donetz, Camiola, Tuscany), there 
are cinnabar deposits in saddle reefs. The rising solutions appear 
to have halted in the anticlines. At Littai,'^ deposits worked for quick- 
silver near the surface were worked at lower depths for lead alone. 

3. Antimony minerals are frequently foimd in cinnabar veins. The 
greatest antimony deposits in the world are those of Hunan, to the south- 
east of the quicksilver belt in Kweichow, and nearer the granites which, 
according to Wong, supplied the solutions that deposited both antimony 
and quicksilver ores. Igneous rocks are not found near the Hunan 
antimony deposits. In the Central Plateau of France, the antimony ores 
are associated with granites but relations are not clear, because a Tertiary 
metallization is superimposed on an earlier Herc3mian one. 

In Algeria, the antimony ores lie south of the lead-silver ores; at the 
southern edge of the belt, mercury appears. This has already been 
noted by DeLaunay. Antimony ores are found at the northern end of 
the Cornwall mining district, at St. Endellion northeast of Newquay. 
In several mines, they pass downward into lead ores. 

Gold often occurs with antimonyores. The Lucette mine of Mayenne, 
France, the mines of ViUonga, Portugal, the Schonberg and Mileschau 
region, Bohemia, the Costerfield district in Victoria, and the Hillgrove 
district, New South Wales, contain deposits of both gold and antimony. 
Many antimony lodes cany silver, particularly the lodes of Valadou and 
Mercoeur of the Central Plateau, IVance. In many antimony lodes, lead 
increases with depth. Antimony deposits are not so commonly found in 
anticlines as are mercury deposits, yet such deposits are not unknown; 
the Amberg deposits of Westphalia, in the Culm limestone, are prob- 
ably examples. 

4. Gold and silver are rarely foimd, in commercial amounts, in quick- 
silver ores, but as already noted they are common in antimony ores. 
There are many deposits of both metals, however, that contain little or no 
antimony, and there are certainly some veins of group 4 that were never 
capped by antimony deposits. The great veins of the gold-silver deposits 
formed near the surface are almost confined to the Hinge Zone, a broad 
area of Tertiary deformation that surrounds the Pacific and passes 
through Asia, Europe and Northwest Africa from the East Indies toward 
the West Indies. Many of the deposits are in andesite, but the metals 
have been deposited from deeper seated magmas, probably from granites 
and granodiorites that are not yet exposed by erosion. Bonanza ores 
are common and the gangue minerals include quartz, caldte, rhodochro- 
site, adularia, alunite, barite, etc. Antimony and some arsenic sulfides, 
more rarely teUurides and selenide minerals, are assodated with the 
precious metals. Galena and sphalerite and a little chalcopsrrite are 

L. DeLaunay; Op. eU., 8, 239-240. 
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present commonly, increasing somewhat downward. Many of the 
deposits pass into barren gangue with depth. 

5. The barren zone that bottoms the bonanza deposits of the precious 
metals is the most nearly consistent barren zone in the lode deposits of 
metalliferous ores. At places, barren zones are found to bottom all the 
groups shown in Fig, 14, but so many precious-metal deposits of the 
Tertiary type pass downward abruptly into worthless gangue that this 
has come to be regarded as an outstanding characteristic. The solutions, 
rising and cooling, deposit the metals in zones lower down often in a 
fairly orderly sequence. As they approach the surface, they evidently 
cease to deposit the metals in workable amounts; yet they still carry 
precious metals, often with antimony and mercury, and they carry also 
the earthy metals, iron and a little lead, zinc, copper, arsenic and bismuth. 
When the rising waters reach abundant ground water, they are chilled. 
Gases that, as shown by Tolman and Clark, hold the metals in solution, 
will readily escape because the fractures communicate freely with the 
surface that is not far away. Cooling and escape of gases and, for certain 
metallic sulfides, the dilution of the solution will cause precipitation. 
The residue of the metals in the rising waters is thrown down at compar- 
ably shallow depths in zones 2 to 4. The solutions must be almost 
depleted of the valuable metals before they reach the surface, for most 
waters of hot springs, as well as hot-spring deposits, contain but little 
mercury, antimony, or precious metals. 

6, Silver veins, with gold and with stibnite, tetrahedrite and complex 
antimonates, and silver veins with some galena and sphalerite, are foxmd 
commonly near the borders of batholiths. In depth, some of them carry 
more galena and sphalerite and less silver. The gangue differs from that 
of the silver-gold veins of group 4. Adularia and alunite are absent. 
The Granite-Bimetallic vein at Philipsburg, Mont., is in granite near the 
west border of the Philipsburg bathoHth; it carries silver and some gold in 
a quartz gangue. Stibnite and arsenopyrite are present in the primary 
ore and silver sulfo-salts of antimony and arsenic abound in the enriched 
ore. Eastward, the vein system can be followed far toward the center 
of the granite bathoKth; the vein matter consists of quartz and some 
pyrite and is nearly barren. Westward, parallel veins of the same 
system pass into sedimentary rocks where they carry silver with much 
rhodochrosite. Many other silver-lead veins are found in or near the 
Boulder batholith, which lies to the east of the Philipsburg batholith. 
Some of these veins, as shown by ICnopf, carry tourmaline and were 
formed at fairly high temperatures. In the silver veins and silver-lead 
veins, sphalerite generally becomes more prominent with depth, and with 
it chalcopyrite often appears. There are not, however, commercial 
deposits of either of these metals in some of the veins of this group. 
They pass downward into material that is imworkable. In some veins, 
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the system, Fig. 14, ends in granite, essentially at zone 6, with a feeble 
representation of 7 and 8 and the lower representatives of the series are 
wanting altogether. Some deposits of galena pass downward to chal- 
copyrite ores without a zone of zinc between. In Cornwall, zinc is not 
very abundant, although there are several mines that contain considerable 
amounts. The zinc ore is, in general, below the lead-silvfer ore, above 
the copper ore or tin ore, and its presence was favorably regarded in 
prospecting. There was a miner’s dictum: Black Jack rides a big horse. 
The Wheal Mary Ann, which lies to the southeast of the Bodwin Moor 
granite, is one of the largestlead-silver lodes of Cornwall. It passed down- 
ward, according to Dewey, directly into copper ore. 

7. Many deposits of galena carry silver in large amounts. Galena 
ores also commonly carry sphalerite. Near the surface, the silver is 
concentrated by weathering and secondary enrichment will often mask the 
changes due to primary arrangement. Sphalerite is much more readily 
dissolved than galena. A homogeneous silver-lead-zino deposit will 
commonly yield, on weathering, one showing from the surface downward: 
(o) lead ores rich in silver, (6) lead ores lower in silver, (c) zinc ores with 
some lead and silver. We find, however, series of veins passing outward 
from a granitic mass with zinc predominating in veins near the mass and lead 
and silver farther out. The series shows that zinc is deposited nearer the 
intrusive than is lead. The primary arrangement from the surface down- 
ward (silver, lead, zinc) is accentuated, however, by secondary enrichment. 

8. There are many examples of argentiferous galena veins that 
pass downward into sphalerite veins and sphalerite veins that pass down- 
ward into pyrite or chalcopyrite veins. These have been summarized 
by Billingsley and Grimes. The series, galena, sphalerite, low-grade 
pyrite, named in order is shown at Castle Mountains and at Little 
Belt, Mont. (Weed), and at Neihart, Mont. (Sales). In the Clausthal 
district, Germany; at Fontgibaud, France (Lodin); and near Argeleze 
Gazost, Pyrenees, sphalerite succeeds galena (V ogt). In the Wood Eiver 
district, Ida., the series is: rich silver, galena, poor ores with more 
pyrrhotite, pyrite and sphalerite (Lindgren) ; in the Coeur d’Alene, Ida., 
rich silver, galena, poorer ores with pyrrhotite, pyrite, and sphalerite 
(Ransome). At Przbram, Bohemia: galena, sphalerite, chalcopyrite, 
pyrite, arsenopyrite (Schmid). In the Great Retallic vein, east of the 
Cligga Head-Mt. Agnes granites of Cornwall, the series is: galena, 
sphalerite, copper (Dewey). At Bin g h am , Utah, passing toward the 
igneous mass, the series is galena, sphalerite, chalcopsrite, and pyrite. 
(Perry,, Locke, and Bateman.) Many other examples could be rated. 
The barren vein matter that is commonly found between certain other 
zones appears often to be wanting between zones 7 and 8. 

9. Tetrahedrite is a common associate of silver veins and it appears in 
the series above 9. There are some veins, however, that are worked for 
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copper, in which tetrahedrite is the principal ore mineral. At Tizi- 
H^ned, Algeria, 25 km. southeast of El-Azouar, and at Mauzaia, 
Algeria, 25 km. southeast of Blida, tetrahedrite ores change downward 
to chalcop 37 rite ores. This zone is placed here with some hesitation, 
however, because tetrahedrite decreases in depth in some zones above 9. 

hlnargite is placed below zinc blend. In the series at Butte, as shown 
by Sales, a central zone with enargite and with little or no sphalerite is 
surrounded by one in which sphalerite is rarely absent from the copper 
ores. It is probably higher in the series than chalcopyrite. At Tintic, 
according to Lindgren and Laughlin, the lodes in monzonite carry 
pyrite and some chalcopyrite and enargite. In the sedimentary rock, 
one mile north of the contact, enargite is abundant. 

10. Chalcopyrite veins are the most abundant sources of primary 
copper ores. Nearly all of them contain a little gold or silver. Pyrite, 
pyrrhotite, or both, are commonly present in considerable amounts. 
The gangue is quartz. Carbonates are present in some of the deposits, 
but in many of the largest deposits carbonates are essentially absent. 
Many of the deposits carry zinc and, at places, zinc ores pass downward 
into copper ores. In many mines of the Comwall-Devon region, chalcopy- 
rite vdns pass downward into tin veins. In the Levant mine, in and near 
the Lands End granite mass, one of the few mines stm working, tin ore 
is found below copper. In the Lands End district, veins followed on 
strike away from the granite show decreasing tin and increasing copper. 
In Cornwall, this series downward is shown in many of the lodes. The 
series at the surface approaching the granite, shown in diGferent lodes 
aroimd several different batholiths, is: silver, lead, zinc, copper, arsenic, 
tungsten, tin. Many copper lodes elsewhere, however, and some in 
Cornwall pass downward into quartz and low-grade pyrite and there is 
no evidence that other metalliferous zones succeed them m depth. 

11. Of all the metals treated in the reconstructed vein system, gold 
offers the greatest difficulties. It is abundant in zone 4 and appears, 
generally, in subordinate amounts in all the zones between 6 and 12. 
The gold-^ver veina of zone 4 differ greatly from the gold deposits of 
zone 11. The former are the “young gold veins;” the latter are the 
“old gold veins," long ago recognized by Vogt and by Lindgren in his 
treatment of the precious-metal provinces of North America. The deeper 
veins of zone 11 almost invariably carry auriferous pyrite; commonly 
chalcopyrite and arsenopyrite are present. The arsenopyrite is often 
very closely associated with the gold. Galena, sphalerite, and tetra- 
hedrite are not imknown, but are usually subordinate and silver is 
ordinarily much less abundant than in the deposits of zone 4. The 
chalcopyrite deposits commonly carry gold and some of them carry it in 
considerable amounts. Although there are few chalcopyrite deposits 
that are worked downward to auriferous pyrite deposits, the position 
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of the zones is probably as indicated. Perhaps a pyritic zone with some 
chalcopyrite and some gold should be recognized between 11 and 12. 
In a few deposits, also, the gold seems to be deposited farther from the 
parent magma than the copper; zones 10 and 11 are reversed. With 
respect to tin, the relations are clearer. Where gold and tin are found 
together, the gold is deposited at greater distances from the magma 
than tin. 

Gold is unique among the metals shown in Kg. 14, in that it is 
deposited lower down on the walls of large batholiths than others. Gold 
deposits are, by far, more abundant in small deep roof pendants than 
deposits of the other metals.^* That is the most impressive thing about 
the distribution of the older gold veins. It is illustrated in scores of 
groups of veins in Western Australia, Rhodesia, and Canada, and in 
certain other shields. Although a few deposits are known, tin ore is 
less common in roof pendants. Other metals are associated with the gold 
and there are a few valuable deposits of copper, zinc, lead, and silver in 
roof pendants. There is evidence, however, of a separation of metals in 
the magmatic chamber; gold, with other metals in smaller amounts, is 
deposited well down on the walls, while much gold and most of the other 
metals on segregation tend to move to the cupolas and ridges of the roofs 
of batholiths. Nevertheless, where gold and tin are deposited in the 
same series around the cupolas of granitic intrusions, the tin deposits 
are nearest the intrusives and the gold deposits farther away. There are 
many examples of this arrangement and there seems to be no exception. 

12. Bismuth ores are commonly associated with those of copper, 
tungsten, and tin. Bismuth ores commonly carry gold and silver. 
The bismuth zone is tentatively placed below copper and above tungsten 
and arsenic, but there are not enough clearly described occurrences to 
warrant its accurate definition. 

At Maymac, Central Plateau, Kance, ores worked for bismuth carry 
copper, tungsten, and a little tin. Bismuth veins, with tin and tungsten, 
are found in the Erzgebirge and in Bolivia. The bismuth deposits of 
Whipstick, New South Wales, are among the most productive in Austra- 
lia. A flat-roofed granite batholith intrudes Devonian sediments. The 
deposits are found in “pipes” in granite near the roof, sloping with the 
granite contact. Metals won include molybdenum, bismuth, and pre- 
cious metals in a quartz-Mdspar gangue. At Eingsgate, New South 
Wales, in aimilar deposits described by Kttman, bismuth ores are associ- 
ated with the same metals and with tungsten. The coppeivgold deposits 
at Balhannah, South Australia, pass downward into copper-bismuth 
ores. At the Shepherd and Murphy mine, Moina district, Tasmania, 
described , by A. M. Reid, bi smuth ore with bismuthinite and nat ive 

Deposits of iron oxides, not included in the series, often form in similar 
positions. 
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bismuth, occurs mainly within 100 ft. of the surface below which tin and 
tungsten ore with some bismuth are mined, 

13. Arsenic is found in large amounts associated with ores of copper, 
particularly in enargite veins, and arsenic minerals are present in many 
deposits of the precious metals. The position of arsenopyrite where 
zones are well defined is with tungsten below the zone of copper and 
above that of tin; that is shown for many of the veins of Cornwall and 
Devon. In the Tavistock district, the cinder from ores that had been 
roasted for arsenic was reworked recently for tungsten. In China, much 
of the tungsten produced in recent years was from old waste piles of 
arsenic mines and from the cinder of roasting plants. 

14. Tungsten minerals are found in gold-quartz lodes formed at 
moderate depths. Examples are those of Atolia, Calif., described by 
Hess and of Nederland, Colo., described by George and by Bastin; and 
deposits of the Black Hills, S. Dak. The bulk of the timgsten ores, 
however, comes from deep-seated lodes where the tungsten is generally 
associated with tin. A belt extending from north of Tavoy, Burma, 
through Siam to the Malay States, is the most noteworthy. Other 
examples include the deposits of Cornwall, the Western and Central 
Plateaus of France, of the Erzgebirge, Southern China, Eastern and 
Northern Australia, Tasmania, Bolivia and many others. In Cornwall 
and Devon, the series from the deep levels up is: tin, tungsten and 
arsenic, copper. This order is recorded by Dewey in many of the 
largest lodes. 

In certain deep-seated tungsten deposits in or near granite, tin ores 
appear to be lacking. Examples are found in LaXoma district, Argentine. 

15. Copper veins pass downward into tin veins and, as already noted, 
arsenic and tungsten commonly appear in the lower part of the copper- 
bearing zones and play out in depth where tin predominates. In Corn- 
wall, the series from the granites out is, approximately: tin, tungsten, 
arsenic, copper, zinc, lead, silver, antimony. Across the Channel, in 
Western France, there is a group of tin and tungsten veins of the same 
age associated with granites north of which are lead-silver deposits. 
Still farther north is a deposit of mercury. The zones are feeble and not 
clearly defined. In the Central Plateau, there are evidences of the hori- 
zontal zones; but in the central and eastern part of the Plateau, the 
Paleozoic metallization is complicated by a later Tertiary one and rela- 
tions are not clear. In the southern part of the Plateau, there are well- 
defined zones of zinc and lead, but tin deposits are unknown. 

In the Erzgebirge, approximatdy, the same series is shown as in 
Cornwall.^® In the Riesengebirge, to the southeast, as pointed out long 

W. Pertrascheck: Metallogenio Zones. Ecm, Oeci. (1928) 18, 777-778. 

In addition to the metals of Cornwall a little quiol^ver is found northwest of 
Freiburg. 
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ago by Krusch, there are zones with gold, copper and zinc; but tin 
deposits are lacking. The series of zones in Tuscany, as shown by De- 
Launay, is approximately the same as in Cornwall although the tin 
deposits are small. In Vallongo, near Oporto, Portugal, the series is: 
(1) tin (some tungsten), (2) lead, (3) antimony and gold. 

South China, according to Wong, exhibits probably the greatest 
examples in the world of successive zones around a central parent magma. 
The series is: (1) tin, timgsten, and molybdenum; (2) zinc, lead and silver; 
(3) antimony; (4) quicksilver. In eastern Australia, there is a belt of 
granite trending north from Tasmania to Queensland. Tin deposits are 
found at scores of places. In Queensland, west of Cairns, Stannery 
Hills yields tin and Wolfram Camp yields tungsten; both are near the 
border of a great granite intrusion. To the north, a few miles away in 
the invaded rocks, are the Thomborough and Hodgkinson gold districts. 

Tin ores are found in a large number of the deposits in the New 
England district of New South Wales. The reports by Andrews, Williin- 
son, and others show that the tin deposits are related to the granites, 
particularly to the Third granite which is highly siliceous, and to its 
late euritic phases. In and near the granite are deposits of tin, tungsten, 
molybdenum, and bismuth. Farther out are ores of copper, lead, and 
antimony. Some mercury is found near the antimony deposits. Parts 
of this series are shown at many places. 

In northwestern Tasmania, as shown by Twelvetrees and Ward, 
the series is: (1) cassiterite; (2) pyrite, some stannite, chalcopyrite, and 
sphalerite; (3) argentiferous galena with siderite; (4) silver, with antimony 
sulfides. This series or parts of it are shown at several places. 

The eastern Australian and Tasmanian deposits are in the Bow area 
of Paleozoic deformation and mtrusion. Along the north coast of 
Australia are many tin and tungsten deposits, which are believed to be 
pre-Cambrian. In the Woggamon district, 110 miles southeast of Port 
Darwin, the tin deposits are found around five or six granite masses. 
Out farther from the tin deposits, as shown by Jensen, Gray and Winter, 
are many gold deposits and some of copper. In the Agicondi district, 
which adjoins the Woggamon district on the southeast, a granite mass is 
nearly surrounded by a series of smaller granitic intrusions. Tin and 
tungsten ores are foimd near the granites at many places and gold deposits 
are found farther away. The larger granite mass almost surrounds a 
body of the intruded rook, which contains many deposits of gold, among 
them the saddle reefs of the Pine Creek district. In the Marranboy 
district, about 76 miles southeast of Pine Creek, valuable tin deposits 
with tourmaline gangue are found in a basin of tuffs almost rimmed by 
granite mtrusives. 

In the northern part of Western Australia, granite masses are intruded 
in the pre-Cambrian. The granites, in general, are barren but along 
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their margiiis are deposits of tin, gold, copper, and some of antimony. 
Near Pilbara, as shown by Woodward, three zones are well defined: (1) 
a tin-bearing zone near the granite, which has yielded considerable stream 
tin; (2) an auriferous zone farther from the granite, with quartz veins 
that have supplied large nuggets of placer gold ; and (3) chalcopyrite veins, 
some of which carry galena. 

These tin-gold districts along the northern coast of Australia are 
noteworthy, for districts showing well-defined zones are rare in the pre- 
Cambrian shields, although they are very common in the Bow areas. 
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DISCUSSION 

J. E. Spuer, New York, N. Y. (written discussion). — ^This paper is, 
in the main, an elaborated restatement of the zonal theory of ore deposi- 
tion which I proposed in 1907.*® At that time I wrote: 

I now submit further that there results from the consolidation of the pegmatites 
and the pegmatitic quartz veins, practically all the accumulated water in the magma; 
that with this water is associated a greatly accumulated (concentrated or mag- 
matically differentiated) quantity of the highly mobile and solvent elements such as 
fluorine, boron, and chlorine, whose presence in granite and pegmatite magmas is 
shown by such granitic and pegmatitic minerals as tourmaline, mica, and apatite; 
that much silica is present; and that there are also present many valuable metals, 
constituting a Luge portion (in some instances by far the greater portion) of the whole 
amount contained in the original body of magma. 

I submit that from such a residual magma quartz veins of later origin than the 
quartz veins closely allied to pegmatites are deposited, and that in them valuable 
metallic minerals are deposited; that from these veins a further residue results, still 
fluid under such conditions, but subject to partial consolidation (or to phrase it 
differently, precipitation) at a later period, under different conditions, involving 
chiefly a lowering of temperature; and that many successive stages of precipitation 
follow, the final stage being when the water has lost most of its heat, and has left 
behind nearly all the elements with which it was associated, and to whose mobility 
and concentration it was so important; and, finding its way to the surface, mingles 
with the great body of surface and shallow-seated waters which has been so plausibly 
regarded as the accumulated residue of all crystallized magnaas. 


»0j&con. Geol. (1907) 4, 781-796. 



DISCUSSION 


993 


The successive stages, according to the theory I present, are marked by differences 
of earthy minerals, but more delicately, perhaps, by changes in the metallic minerals. 

This is the origin of most mineral veins and other forms of ore deposits, including 
ores of lead, zinc, copper, silver, gold, bismuth, antimony, arsenic, and other metals. 
Thus while pegmatites and pegmatitic quartz veins usually occur in or very close 
to the earlier consolidated rocks, the successive stages migrate farther and farther 
away from the metallic hearth (the zone of differentiation); which, in general, means 
that they are successively deposited nearer and nearer the surface. Thus the suc- 
cessive stages can be recognized as successive vertical zones of ore deposition. 

A preliminary attempt, open to much revision, may be made to define some of the 
principal zones, beginning from the bottom : 

1. The pegmatite zone, containing tin, molybdenum, tungsten, etc., with char- 
acteristic gangue minerals, such as tourmaline, topaz, muscovite, beryl, etc. 

2. The free gold-auriferous pyrite zone, with coarse quartz gangue. 

3. The cupriferous pyrite zone. 

4. The galena-blende (galena usually argentiferous) zone. 

6. The zone of silver and also much gold, usually associated with metals which 
combine with them to make substances which are imdoubtedly highly mobile, and 
account for the relatively elevated position of the zone. These associated metals 
nclude antimony, bismuth, arsenic, tellurium, and selenium. Characteristic minerals 
of this zone are tellurides and selenides of silver, gold tellurides, argentiferous tetra- 
hedrite and tennantite, polybasite, stephanite, and argentite. 

6. The zone of earthy gangues, barren of valuable metals. I believe it will be 
ultimately possible to subdivide these periods. 

I reiterated the theory in 1909, and again in 1912,*® and at length in 
1923 — ^in the last-named year, in ^*The Ore Magmas,'' where I discussed 
it at length. In 1912 I wrote, as follows: 

In the original paper on ore deposition above referred to {Econ, GeoL, Vol. 2, No. 8, 
p. 791, Doc., 1907), the writer made a preliminary attempt to define the princip^ zones 
of ore deposition; adding that it would probably be ultimately possible to subdivide 
these periods. Ho now submits a modified column, based on experience in the last 
four years. 

A. The pegmatite zone, containing tin, molybdenum, tungsten, etc., with char- 
acteristic gangue minerals, such as tourmaline, topaz, muscovite, beryl, etc. 

B. The free gold-auriferous pyrite zone, with coarse quartz gangue. (Principal 
gold zone.) 

C. The cupriferous pyrito zone. (Principal copper zone.) 

D. The zone of argentiferous pyrite and auriferous arsenopyrite. Either one 
may be represented to the exclusion of the other, indicating a subdivision of this 
zone. Silver may fail in the pyrite and gold in the arsenopyrite, (Principal arsenic 
zone.) A frequent mineral of this zone is pyirhotite. Antimony may occur, espe- 
cially as jamesonite. In certain metallographic provinces ores of nickel and cobalt 
occur in this zone. The ores of this zone are frequently without gangue. 

E. The blende zone. (Principal zinc zone.) 

F. The argentiferous galena zone. Silver may fail in the galena. (Principal 
lead zone.) 

G. The zone of silver and also much gold, usually associated with metals whioh 
combine with them to make substances whioh are undoubtedly highly mobile, and 

Moon. Oeol (1909) 4 , 818. ~ 

Boon. Oeol. (1912) 7, 485, et oeq. 


VOX), taacr^^ 
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account for the relatively elevated position of the zone. These associated metals 
include antimony, bismuth, arsenic, tellurium and selenium. Characteristic minerals 
of this zone are tellurides and selenides of silver, gold tellurides, primary argentiferous 
tetrahedrite and tennantite, polybasite, stephanite and argentite. (Principal silver 

and gold zone.) 

• 

Inspection of the vein column shown on p. 983, and comparison 
with the two I have just cited, shows that it is essentially the same. At 
the top of the column, the author has added arsenic and antimony, which 
while undeniably in general shallow formed, I am inclined not to regard 
as belonging to the general sequence of ore magmas, as I have explained. 

The author (p. 966) refers the nickel ores of the Sudbury district to 
segregation by sinking to the bottom of a norite sill. This old explanation 
has been shown to be without foundation.*^ The orebodies in the 
Creighton mine, for example, pass from norite through later granite 
without breakmg their continuity. 

On p. 980, the author describes as the greatest of the earth's metalli- 
ferous provinces “a belt of Tertiary deformation that surrounds the 
Pacific, and passes west through Asia and Europe from the East toward 
the West Indies. . . It is the locus of the greatest Tertiary mountain 
folds, the greatest Tertiary and Recent igneous activity, of the greatest 
Recent faulting, and of earthquake movements." In 1905, I called 
attention to the metalliferous belt which rings the Pacific Ocean: 

The significanoo of the geographic oomcidence of these different phenomena, 
occurring on so stupendous a scale as to stand put uzunistakably from the confusion 
of detail of the world^s geology, has yet to be thoroughly understood. These geo- 
graphically coinciding phenomena may be summed up as follows: (1) the borders of 
the earth's greatest ocean; (2) the most persistent of the earth's lofty and bold moun- 
tain belts; (3) the belt of the earth's most active and extensive recent vulcanism; (4) 
a belt showing similar recently erupted lavas; (5) a belt showing similar lavas erupted 
during the Tertiary; (6) a belt of enormous and roughly uniform later Tertiary mineral- 
ization, involving great concentration of silver and gold. 

The author's extension of this belt from the East to the West Indies 
is interesting, concerning which we may hope to hear more later; also 
of his conception of these belts as a hinge zone," which divides the 
earth into three great blocks. Concerning all this, we shall be able to 
judge when his full argument is published. 

I am inclined to question the scheme of rock differentiation given on 
pp. 976-980. According to this, the granites solidify after the basic 
rocks. Yet it is more the rule than the exception that basic dikes are the 
last phase of a granitic magmatic sequence. 

The most valuable feature of the paper is the great amount of data 
the author has compiled as to the zonal distribution of ores. The list is 

*» ‘‘The Ore Magnuus," 2, 842. 

“The Ore Magmas,” 2, 667. ’ 

** Geology of the Tonopah District. D. S. Geol. 8urv. Pro/. Paper No. 42, 286 


DISCtTSSIOMT 


995 


not complete but is the most elaborate presentation yet made. But the 
significance of some of the cases cited is probably doubtful. There are to 
many complications in ore deposits that gleaning the literature is apt 
to range unlike cases into a single category. It may happen, for example, 
that deposits formed at distinct periods may be reported as displaying 
a change from one to another with increasing depth. 

W. H. Emmons (author’s reply to discussion). — ^The first part of the 
discussion has to do with the matter of priority for the so-called “zonal 
arrangement” of metals. The paper cited the first contribution (1907) 
from which Mr. Spurr quotes, also the last (1923). I regret that in 
so short a treatment I could not take up the literature more fully; 
this deficiency to some extent Mr. Spurr has remedied. I find also that 
I have not noted DeLaunay’s®* first paper on the subject, which appeared 
in 1900, in which he gives the series of metals genetically related to 
granitic intrusives as: (1) tin, bismuth, molybdenum, most closely 
related; (2) lead, zinc, silver, nickel and cobalt, less closely related ; and 
(3) the bonanza type of gold deposits and mercury deposits, still farther 
away. This is, I believe, the first actual statement of a series. In 
1913, De Launay developed the series more fully in Les Gttes Mindraux. 
In 1904, Waller®^ attempted to give for a series in the Heemskerk field, 
Tasmania, a kind of quantitative basis. His zones, passing outward 
from the granite, are: (1) a contact zone with magnetite and cassiterite; 
(2) a zone in which pyrite and sphalerite predominate; (3) a zone with 
siderite, lead, and silver and some antimonial ores. 

Waller showed, by diagram, the abundance of various minerals in 
the several zones and his correlations were supported by Twelvetrees and 
Ward, who reported on the district, in 1910, and reproduced his diagram.®® 

The subject of mineral zones interested students of ore deposits at a 
very early date. Most of the investigators, however, did not interpret 
the observatioixs in the light of the solubilities of the metals in 
depositing solutions, which seems to be the most probable explanation 
of the series. 

Primary gradations are recognized in the first edition of Beck’s 
textbook®® on ore deposits, and in most of the texts on ore deposits that 
have since appeared. 

Probably no one, however, has given so much emphasis to the impor- 
tance of the subject as has Spurr in his Ore Magmas, which appeared in 

®'Ii. DeLaunay: Les Variations de Fillons Metalliftrss en profondeun: Rev. 
Gin, dee Pwet et ApjMguiee (1900) 11, 575. 

G. Waller: Beport on the Zeehan Silver-lead Mining Field: Tasmania Geol. 
Surv. BvO. (1904) 24. 

**W. H. Twelvetrees and L. £. Ward: The Orebodies of the Zeehan Field. 
Geol. Surv. of Tasmania, BvR. 8, (1910) 72. The original paper by Waller is not 
accessible to the author. 

•• B. Beck: “The Nature of Ore Deposits.” Trans, by Weed, New York, 1905. 
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1923. He gives (p. 611) a series for the intermediate magma: molyb- 
denum, tungsten, gold, copper (silver), zinc, lead (silver); and one 
for the siliceous magma: molybdenum, tin, tungsten, copper (silver), 
zinc, lead (silver). In these sequences, tin and gold are placed in 
different series. 

In a discussion of the series (p. 444) he says: 

The aesooiatioii of gold ore with granite is far more general than in the case of tin, 
but since both occur characteristically associated with siliceous rocks, why do they 
not occur together? Not only do they not do so commercially, but they hardly 
touch mineralogically. 

I believe that tin and gold can reasonably be placed in the same 
series, for gold is foxmd in the majority of tin-bearing regions, and gold 
deposits are commonly associated with tin deposits so closely that they 
appear to have been derived from the same magmatic source. In the 
Carolina tin belt, gold and tin deposits are closely associated; gold is 
found in the Jones tin mine, and cassiterite is foxmd in the Brewer gold 
mine. In Nova Scotia, the granite with which the gold deposits are 
associated contains the New Boss tin mine. 

In Cornwall, gold is only rarely found; but across the Channel, in 
France, gold deposits and tin deposits occur near granites that probably 
belong to the same province as the Cornwall granite. 

In southern Africa, gold deposits and tin deposits are closely asso- 
ciated at several places. In Katanga, the well-known Euwe gold mine 
is at the southern end of the belt of granites of the Bia Moimtains, which 
are associated with many valuable deposits of tin. The Embabaan tin 
field, in Swaziland, is near the Forbes Beef gold field. 

Gold and tin deposits are foxmd near the same granite masses in 
Australia: Woggamon, Agiconde and Pilbara near the north coast have 
been mentioned. Along the east coast, the association is noteworthy 
in Queensland, in the Herberton field northward to the Palmerville gold 
field. To the south, the gold and tin deposits near Brisbane seem to bo 
related to the same granitic intrusives. The same relations are found 
in eastern New South Wales. 

Although gold deposits are commonly' foxmd associated with the 
tin-bearing granites, there are many large gold-bearing areas where tin 
deposits are wanting: western Ontario, eastern Ontario, and western 
Quebec; the main gold field of western Australia, excluding Greenbxishes, 
southern Bhodesia, etc. All of these fields are areas of deeply eroded 
granite batholiths. The gold deposits are almost never foxmd in the 
granite, except at places near intruded schists and most of the deposits 
are in the schists. The auriferoxis areas commonly 'contain molybdenum 
deposits and a few large copper deposits appear. Lead and zinc ores are 
rare, and antimony is generally only sparin^y present. These deposits 
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were all formed low down on the walls of batholiths or near the edges of 
small satellites low down on the walls (Fig. 5). The tin deposits much 
more generally are formed higher up and, therefore, they are rarely exposed 
in areas exhibiting deposits of metals in roof pendants surrounded by great 
areas of granite. 

Referring to the origin of the Sudbury nickel deposits, I can claim no 
great familiarity with the field, although I have studied certain areas 
along the contact of the eruptive, and have visited a few of the mines. 
I am convinced of the truth of the hsrpothesis of Coleman, Barlow, and 
others; namely, that the deposits have formed by segregation at the base 
of the sill. The fracturing of the wall rock along the contact and the 
cementation of the fragments with ore do not prove that mineral solu- 
tions deposited the ore. Aqueous solutions may have played a small 
part in the depositional processes, for even sulfide magmas formed by 
gravitational separation are probably not entirely dry. If the miner- 
alized granite adjoinpg the deposit is really the RlUamey granite, there 
may have been absorption, or even a later feeble period of mineralization, 
although the Killarney elsewhere near its contact is marked by the 
deposition of arsenopyrite and gold, rather than nickel ore. Viewing the 
entire field, the nickel deposits are too closely associated with the edge 
of the eruptive to be attributed to metallization attending the granite. 
The best possible test of Coleman’s hypothesis was made by Roberts and 
Longyear, who studied the geology of the area, drilled the contact, and 
found large deposits of ore below the drift in the area along the southeast 
border of the eruption. 

I make no claim to authorship of the “zonal theory.” For several 
years I have been engaged largely in testing it, particularly with a view 
to ascertaining its limitations. With this object in view, I have studied 
certain areas in the field, but naturally I have had to rely mamly upon 
maps and reports of others. The method employed is possible only 
because in recent years so many excellent geological maps have been 
issued. Briefly, the mineral zones are rarely developed in the shields, 
they are not rare where deep erosion has laid bare the batholiths of the 
hinge zone, and in the areas between the latter and the shields the zones 
in normal order are common, although at many places certain metals are 
either lacking or are sparingly present. 
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Oxidation and Enrichment at Ducktown, Tenn.* 

[Secondary SnrichmefU InveeHgaHon ConbrQ>vii<m No. 16.1 

By Gbofpkbt Gubbkt, A. M., Cambeidgb, Mass. 

(New York Meeting, Febniaiy, 1924) 

The material that forms the basis of this paper was collected in the 
spring of 1922, during a ten-day visit to Ducktown by the writer in the 
company of Prof. L. C. Graton. The time available for the work was 
far too short to allow anything like a thorough study of the deposits, and 
structural and stratigraphic questions, though ’they have an important 
bearing on the origin of the primary ores, were necessarily left untouched. 
Attention was focussed on the zone of oxidation and enrichment; and by 
devoting most of our time to the upper levels, open pits, and old workings, 
and examining the deeper levels only thoroughly enough to obtain 'a fair 
idea of the nature of the primary sulfide ore, we were able to make a 
reasonably complete survey of the various orebodies* 

With this field work for a background, the writer later made a study, 
in the Harvard laboratories, of the specimens obtained during the visit. 
Als some of the facts brought to light by this study appear to be new, it 
seems worth while to set forth the outstanding features and a proposed 
explanation of them. 

Much of the Ducktown material that is obviously of greatest signifi- 
cance, as regards oxidation and enrichment, is soft and crumbly. Not- 
withstanding the desirability of gaining from such material all possible 
information as to its mineral composition and textural relationships, but 
little has heretofore been learned regarding it; but, by suitable preparation 
of this material in connection with the present study, it has been possible 
to examine it under the microscope without any disturbance of its 
texture and about as satisfactorily as if it were hard, fresh ore. The 
information thus gained has contributed measurably to the results set 
forth in this paper. 


* A paper presented at a joint meeting of the American Institute of Mining and 
Metallurgioal Engineers and the Sociely of Economic Geologists. 
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General Description 

The Ducktown deposits have been adequately described by Henrich,* 
Kemp,* Weed,* Emmons and Laney,* and Taylor,® and only a very brief 
r4siim4 of the main facts need be given here. The district, which is in 
the extreme southeastern comer of Tennessee, has been producing copper 
intermittently since about 1850. The ore first mined was from a thin, 
but very rich, zone of secondary sulfides, which was worked on a small 
scale for a number of years and was an important source of copper for 
the South in the Civil War. Later (about 1889), the lower grade primary 
ores began to be exploited, at first for their copper alone, but in recent 
years with sulfuric acid as an important byproduct. The gossan has 
also been used at times as an ore of iron. There are at present two 
active companies: the Tennessee Copper Corpn., operating the Burra 
Burra and London mines, and the Ducktown Sulphur, Copper and Iron 
Co., whose chief mine is the Mary. The district produced 16,727,803 lb. 
of copper in 1920, and 15,084,294 lb. in 1921 (equal respectively to 1.38 
and 2.98 per cent, of the total United States production). The total 
production to the end of 1921 is given as 398,553,000 lb. During the 
dull period of 1921, when most of the big western mines were shut down, 
the demand for sulfuric acid was sufficient to keep the Ducktown smelters 
operating at nearly full capacity. 

Ducktown lies near the eastern border of the geological province 
known as the Appalachian Valley. To the southeast, the Blue Kidge, 
carved by the mature erosion of pre-Cambrian gneisses, rises in a tangle 
of rugged hills. To the northwest are the straight parallel ridges of the 
Upper Paleozoic formations. Between these lies a belt of Cambrian 
sediments, metamorphosed into schists, which have produced a sort of 
intermediate topography, less rugged and intricate than the Blue Bidge 
but far less re^ar than the structural ridges to the west. Through 
this schist belt the Ocoee Elver, a part of the Teimessee River system, 
flows with a general northwest course. The present level of the river 
at Ducktown is about 1500 ft. The hiUs around it rise from 500 to 2000 
ft. higher, but it is bordered by a relatively flat basin of variable width 
with a general elevation of 1700 to 1900 ft. This basin, accordii^ to 
LaForge,® is a remnant of the Cumberland peneplain (pre-Cretaceous 

> C. Henrioh: Ducktown Depouts and Treatment of Ducktown Copper Ores. 
Tram. (1896) 26 , 178. 

* J. F. Eemp: Deposits of Copper Ores at Ducktown. Tram. (1902) 81, 244. 

’ W. H. We^: Copper Deposits of the Appalachian States. U. S. G. S. BvlL 
166 (1911). 

*W. H. Emmons and F. B. Laney: Mineral Deposits of Ducktown, Tann. 
U. S. Q. S. BuU. 470 (1911). 

' J. H. Taylor: Fyrite and Fyrrhotite Besources of Ducktown, Tenn. Trane. 
(1918) 69 , 88. 

' L. LaForge and W. C. Fhalen: Ellijay Quadrangle. U. S. G. S. Folio 187. - 
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or early Cretaceous); or to be more exact, it represents the advanced 
stage of erosion that the region near the watershed had reached at a 
time when the land nearer the sea was a true peneplain. It is in this 
basin, drained by the Ocoee and by its tributary Potato Creek, that the 
Ducktown district is situated. 

The schists imderlsdng the basin are derived from clastic sediments — 
con^omerate', sandstone and shale, for the most part highly siliceous — 
named by the Survey geologists the Ocoee series and referred by them 
to the Lower Cambrian.’ The rocks have undergone close folding, some 
thrust faulting, and severe metamorphism, so that they now appear os 
quartzites, quartz* and mica schists, graywackes, etc., with both bedding 
and schistosity approaching the vertical. The structure, which is 
broadly synclinal, has been worked out in detail, and various folds and 
cross faults have been mapped, but the shortness of our stay precluded 
any attempt to deal with areal problems. 

Fbimabt Obb 

The deposits are lenses of heavy sulfides in schists, somewhat similar 
in t3rpe to those found elsewhere along the Appalachians, notably in 
Virginia, Vermont, and Quebec. The lenses occur in two series running 
paraJld to the strike of the schists, and each lens conforms to the schists 
in strike and (at least approximately) in dip. The ores are composed 
predominantly of pyrrhotite, chalcopyrite, and sphalerite, with a variable 
amount of pyrite and a rather scanty gangue of quartz, calcite, tremolite, 
and numerous other silicates. The ores from Burra Burra and Mary are 
worthy of detailed description; first, because these mines are, at present, 
the chief producers and, second, because they represent two extremes 
between which the ores from most of the other miues lie. 

At ihe Burra Burra, the most distinctive feature is the abimdance of 
pyrite. The typical high-grade ore from this mine has a noticeably 
“poiphyritic'’ appearance, the "phenocrysts” consisting of pyrite 
crystals and the ground mass of pyrrhotite, chalcopyrite, sphalerite, and 
gangue. The pyrite crystals range from He ia- up to (exceptionally) 4 
in. on a side. Some are cubes with sharp edges, but usually they exhibit 
a certain amount of rounding and corrosion by the enclosing sulfides. 
The ground mass contains numerous smaller crystals of pyrite, blebs of 
^sy quartz and of calcite, needles of amphibole, and grains of magne- 
tite, aH surrounded by the later sulfides, pyrrhotite, sphalerite, and 
chalcopyrite. Of these pyrrhotite is by far the most abundant and, in 
general, the earliest to form; the sphalerite is younger and the chalcopy- 
rite younger stiU. The three minerals, however, are often intergrown 
so complexly that it is difficult to establish any definite sequence; in 

» Arthur Keith: Nantahala Qxiadrangle. TJ. S. Q. 8. FoVio 143. 
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fact, it is safe to say that they are nearly contemporaneous and that there 
has been much overlapping in their formation. The gangue minerals, 
except for some chlorite, appear to be earlier than the sulfides. 

The country rock is normally a quartz schist, composed of predomi- 
nant quartz, an acid plagioclase, and biotite, with accessory titanite, 
rutile, garnet, zircon, muscovite, tremolite, zoisite, and diopside. All 
of these are earlier than the sulfides, but it is, generally, hard to decide 
which of them belong to the ore period and which are original or products 
of regional metamorphism. The original rocks were impure siliceous 
sediments, and most of the quartz, feldspar, and biotite were present 
before the ore-forming period. The feldspar, much of which is untwinned 
albite, is generally fresh and scarcely ever sericitized. As for the biotite, 
some of it is bleached in proximity to sulfides, while some occurs in sulfide 
veinlets or along the borders of sulfide masses in such fashion as to indicate 
that it belongs to the ore period. Garnet, also, was probably formed 
both by dynamic and hydrothermal processes. Amphibole is chiefly 
an ore mineral, as are zoisite and diopside. There is a great deal of 
chlorite associated with the sulfides, some of it earlier but most of it 
later. The sulfides replace the earlier minerals, attacking feldspar more 
actively than any other. The genetic sequence appears to be about as 
follows: gangue (except chlorite), magnetite, pyrite, pyrrhotite, sphalerite, 
chalcopyritc, chlorite. 

The Mary ore contains practically the same minerals as that of Burra 
Burra, but in very different proportions. Pyrite, instead of being nearly 
as abundant as pyrrhotite, is scarce. There is less calcite and less quartz, 
and tremolite becomes the chief gangue mineral; chalcopyritc and sphaler- 
ite arc present in, roughly, the same amounts as at Burra Burra. These 
arc the only really common minerals in the orebody, but locally garnet 
and zoisite are found in large crystals. The general sequence is about 
the same as at Buri%a Burra; namely quartz, silicates, and calcite, then 
pyrite, pyrrhotite, sphalerite, and chalcopyritc, the last three overlapping. 
In both cases, it is certain that by far the greater part of the gangue was 
formed before the deposition of the sulfides, though there is no distinct 
break and no doubt that; both ore and gangue arc the result of a single 
series of events. 

The ores from the London, Isabella, Eureka, and Old Tennessee 
mines arc much like the two types described and, in general, are inter- 
mediate between them. I’yrrhotito is always the most abundant of the 
sulfides, but locally large amounts of pyrite are foimd. Quartz, calcite, 
and tremolite (or actinolitc) are everywhere the main gangue minerals ' 
and the only ones that arc really abundant, though others such as garnet’ 
are very widespread. 

At two other mines, the dumps of which we examined, the Bast 
Tennessee and No. 20, a great deal of diopside was scon. It occurred 
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at the East Tennessee in very large crystals and appeared to be one of the 
main constituents of the ore. 

The tremolite, it must be admitted, is often found in the sulfides in 
sharp prisms that show no corrosion and leave a clean-cut mold when they 
are broken out. This is the only thing noted by the writer that suggested 
overlapping in the deposition of the sulfides and gangue. Even in this 
case the prisms are often broken and the cracks filled by sulfides, and as a 
rule it is beyond doubt that the tremolite is the earlier. 

The specimens of low-grade ore and impregnated wall rock show, 
beyond doubt, that the ore minerals replace schist. Whether the high- 
grade ore is also a replacement of schist is another question, for in the 
heavy sulfides nothing remains that can be definitely classified as unre- 
placed rock. The glassy quartz that forms a large part of the gangue 
might be interpreted as recrystallized residual material. The calcite 
and lime silicates, however, must be otherwise accounted for, as there is 
little or no lime in the country rock. Either it has been introduced with 
the ore or it is derived from a more limy bed of the sedimentary series. 
The second explanation is favored by Emmons. 

Finally, it should be emphasized that whether the ores are entirely a 
replacement of the normal schist of the region or whether included lenses 
of limestone have been the chief subject of attack, there is no reasonable 
doubt as to the epigenetic character of the deposits. Their mineralogy 
and their relation to the wall rock show clearly that they were formed, at 
high temperatures and probably under heavy load, after the major part 
of the metamorphism of the surrounding rocks had been accomplished. 

Surface Alteration 
Gossan 

The orebodies are capped by a heavy gossan up to 100 ft. in thickness 
and often very pure. The ore of the larger lenses consists of sulfides with 
a comparatively small amount of gangue; and when the sulfur is oxidized 
off, the calcite dissolved, and the silicates decomposed the residue consists 
almost wholly of iron oxides with a little quartz and kaolin. A groat 
deal of gossan, averaging 40-50 per cent, iron, has been shipped at differ- 
ent times as an iron ore. Limonite is, naturally, the principal constituent, 
but some of the polished sections showed fairly large amounts of a lighter 
mineral, whose color in reflected light is intermediate between the gray 
of normal limonite and the pure white of hematite. In the present day, 
when limonite has ceased to have a definite mineralogical significance 
and has come to be a general term signifying ferric-oxide monohydrate 
with a variable amount of water,® it is perhaps inaccurate to say that this 

« Posnjak and Merwin: The Hydrated Ferric Oxides. Am. Jnl (1919) 

[4] 47, 311. 
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lighter mineral is not limonite, but at any rate it appears to be an iron 
oxide with a rather low degree of hydration. The gossan shows a great 
variety of structures, ranging from earthy material that was, obviously, 
formed by the alteration of sulfides in situ, on the one hand, to lacy, 
woody, stalactitic, and botryoidal forms that imply transportation of iron 
in solution, on the other. The color varies from yellow brown to red 
brown, deep red, or nearly black, with red brown predominating. 

Zone of Enrichment 

Below the gossan lies the zone of secondary sulfides, the ^'black copper'^ 
that was exploited in the early days of the camp. This zone is remark- 
able (or rather was remarkable, for it is almost wholly a thing of the past) 
for its thinness, richness, incoherence, and the definitenes of its upper and 
lower surfaces. Before describing this zone, it may be as well to explain 
that the amount of black copper we saw was very small indeed; the 
greater part of it was removed 50-70 years ago. The pockets were 
cleaned out by primitive methods but with extraordinary thoroughness. 
Furthermore, what little the miners left has been largely obliterated by 
mine oxidation; that is, by the greatly accelerated oxidation resulting 
from the opening of the pits, the artificial lowering of the water level, 
and the free admission of oxygen. However, many of the old workings 
are still accessible, and an occasional small pocket in the walls can be 
made to yield specimens of black copper, while the position of the work- 
ings in itself throws light on the relation of the enriched zone to the 
gossan and to the primary ore. 

Apparently, the zone was not continuous; and in many places there 
can be seen an abrupt change from unaltered sulfides to solid gossan. In 
some of the pits is exposed massive primary ore, rusted on the surface 
by mine oxidation but almost perfectly fresh when broken into. Within a 
vertical distance of 2 or 3 ft., or oven of a few inches, this goes over into 
normal gossan without a particle of sulfide; in places there is almost 
literally a knife-edge contact. Only along major fractures does the limon- 
ite extend for any distance into the sulfides; and major fractures, or minor 
ones for that matter, are not at all abundant in this ore. This direct 
change from primary ore to gossan holds for large parts of the orobodies, 
but at other places, wedged in between them, were pockets or blankets 
of black copp(5r. Henri ch® de*scribos it as follows: 

The zone conUined rich coi)por ores, distributed in patches of varying dimen- 
sions (but not as a continuous body) within a zone or layer extending more or less 
horizontally aoroHS the vein, in thickness varying from 2 to 8 ft., and more, above the 
sulfurct orebodios and below tho gossan. Such a deposit would, at times, extend over 
the whole width of tho orcbody from wall to wall and for long distances along the 
strike. If of such horizontal extent it was also usually of considerable depth. In 

» Op. cil., 206. 
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other places, the black copper would be found only in small pockets or seams of 
limited extent and then usually along one or other of the walls of the ore deposit. 
Detached deposits of such ores would also occur more in the center of the ore deposit. 

The ore was undoubtedly rich. There has, perhaps, been a tendency 
to exaggerate its richness; much of it is said to have run over 40 per cent., 
and figures of 50 and 60 per cent, are mentioned for particular pockets. 
A more conservative estimate was given by Whitney,^® writing at a time 
when development was going on vigorously. He says (apparently 
speaking of the Ducktown mines in general) : 

The percentage yield of copper is usually low; but the purest portions contain 
from 20 to 30 per cent, of metal. 

And again 

Beneath the gossan is found a bed or mass of black cupriferous ore, of variable 
thickness and width. ... It is a mixture of black oxide of copper with the sulfuret 
and some siliceous or earthy matter. There is also considerable sulfuret of iron, in 
small crystals and fragments, scattered through it, as well as some sulfate of cop- 
per. ... Its yield, as prepared for shipment, is from 20 to 25 per cent., although 
it varies very much in its composition in different parts of the same mine. ... At 
one place in the Hiwassee mine, the body of black ore was stated to be 45 ft. in width, 
and the veins are said in some places to expand to much greater dimensions. The 
thickness of the black ore is equally irregular with its width. In some places, it is 
accumulated in conical masses from which many hundred tons of ore, nearly pure, 
are taken. When the veins were fibrst opened I estimated its average width on the 
whole extent of^the vein at 10 ft., and its thickness at 2. 

The black copper was at first supposed to be a mixture of oxides and 
sulfides, and no doubt a certain amount of oxide, and even of carbonate, 
was mined, but the chief mineral was undoubtedly chalcocite. The oro 
was very crumbly and much of it could be removed with a shovel. The 
crumbly specimens we obtained were badly leached and sulfatizcd, but 
from them it appears that the most important minerals of the secondary 
zone were chalcocite, covellite, and a secondary iron sulfide, which will 
be discussed later. 

The gossan, as already stated, varies in thickness from 100 ft. down 
to practically nothing. The bottom of the gossan, which is also the zone 
of enrichment and the top of the primary sulfides, is roughly parallel to 
the surface, but is found at the greatest depth in the higher ground and 
closest to the surface in the creek bottoms; indeed Potato Creek has, in 
one or two places, cut through into the primary ore. There is tlxus a 
distinct relation between the position of the enriched zone and that of 
the water table. Whether the zone is at, above, or below the present 

^0 J. D. Whitney: Changes in Mineral Veins near the Surface, with Particular 
Reference to the East Tennessee Copper Mines. Am. Jnl Sci. (1855) [2] 20, 53. 

“ J. D. Whitney: “MetalHc Wealth of the United States." Philadelphia, 1864. 
Lippincott; London, Triibner & Co. 
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ground water level, there is enough similarity between the two profiles 
to force the conclusion that they are connected. Whitney pointed out 
this variation in the depth of the gossan and stated that the shafts 
reached the black copper at about the point at which water was struck. 

Microscopical Study of Alteration 
Oxidation 

In attempting to study the enrichment, the writer has given attention 
to the whole subject of the change that the ore undergoes in passing from 
its primary state to gossan. These changes take place within such a 
short distance that suites of specimens running from practically unaltered 
sulfides to clear gossan were easily obtained. Specimens illustrating the 
enrichment were much more difficult to get; and many that were col- 
lected in the belief that they contained black copper proved to be nothing 
more than crmnbling iron sulfides thickly coated and impregnated with 
soluble sulfates. Unsatisfactory as some of the results were, a fairly 
clear idea of the alteration processes was finally reached. 

The chief mineral of the deposits, the one most easily oxidized and 
most readily affected by sulfuric acid, and the one that appears to 
play the most important part in the process of enrichment, is pyxrhotite. 
It will therefore be dealt with first. 

The first change that the ore undergoes as the surface is approached 
is the development of small amounts of a secondary mineral, believed to 
be marcasitc, in vcinlets cutting the pyrrhotite. It is cream-colored in 
reflected light, with hardness high; so far as the microchcmical tests 
go it might be cither pyrite or marcasite. It shows, however, none of the 
tendency to develop definite crystals, which is so noticeable in the primary 
pyrite. Closer to the gossan, the pyrrhotite begins to crack and break 
up, becoming more and more pitted and difficult to polish. Simultane- 
ously with this comes the formation in large quantities of a secondary iron 
disulfide replacing the pyrrhotite. This has been identified as marcasite 
for the following reasons: 

1. Its color in the hand specimen is a pale yellow, paler than that 
of normal pyrite. 

2. In the closed tube, it gives abundant sulfur and a magnetic residue. 

3. A pycnometer determination, made on about 2 gm. of coarsely 
crushed material which appeared under the binocular to be pure, gave 
its specific gravity as 4.89. This is low for pyrite (which is usually' over 
5) but about right for marcasite. However, according to Stokes,^® the 
density is not a reliable criterion for distinguishing the two minerals. 

4. No crystal faces, except some very small doubtful ones, were 
observed, but botryoidal forms are common. 

“ H. N. Stokes: On Pyrite and Marcasite. U. S. G. S. BuU. 186 (1001). 
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5. Under tlae microscope it behaves like marcasite. It is creamy 
white, with hardness high, is affected by HNO3, and is negative to the 
other reagents. Marcasite is supposed to be attacked by HNO3 rather 
more strongly than pyrite; in this case, the amount of attack depends 
largely on the texture of the mineral. The hardest material is not 
browned much more than ordinary pyrite, while the duller spongy 
stuff is blackened rapidly and is also affected by KCN and KOBE. 

6. All the evidence points to the fact that the solutions from which 
the mineral was deposited were acid, perhaps strongly so. The results 
obtained at the Geophysical Laboratory^® indicate that under conditions 
of low temperature and moderate or even low acidity, marcasite will 
form rather than pyrite. While none of these reasons can be regarded 
as conclusive it seems that as between pyrite and marcasite the proba- 
bilities are strongly in favor of the latter.^®® 

The pyrrhotite, under the influence of surface solutions, usually 
reveals parallel planes of weakness — ^presumably cleavage planes — along 
which the solutions work and along and from which the marcasite 
forms. Many good examples were seen of grains that were originally 
P3rrrhotite, bordered by hard firm marcasite and cut by parallel bands of 
marcasite to form a sort of grating, while the spaces between the bars 
are either cavities or filled with some soft material. The proportion of 
hard to soft varies greatly; in some grains nearly the whole interior is 
rotten while in others it is chiefly firm marcasite. In some cases, there 
is a gradual change in the nature of the material; the marcasite at the 
grain borders and along the cracks is hard and white while farther in it 
is softer, browner, and more easily affected by reagents. 

In many cases, instead of forming this grating structm’e, the marcasite 
works outwards with a smooth front from cracks or from points along 
cracks, forming spheroids or ellipsoids in the pyrrhotite. Those sphe- 
roids, which are sometimes strikingly developed even in comparatively 
fresh ore, usually show one or more concentric cracks, as if there had boon 
some loss of volume during their crystallization. The marcasite near 
the center is often denser than that on the outside; and the contact with 
the surrounding pyrrhotite is usually represented by a narrow space, as if 
some soft material had been removed in polishing. Occasionally, tho 
pyrrhotite is found in actual contact with the borders of tho spheroids; 

“Allen, Crenshaw, Johnston and Larsen: The Mineral Sulphiclos of Iron. 
Am. Jnl. Sci. (1912) [4] 83, 169. 

Since the completion of this paper some tests have been made on tho mineral 
with reflected polarized light. So far, no evidence has been obtained that it is doubly 
refracting. If it is pyrite, it should show no double refraction. Some specimens 
known to be marcasite do show polarization; but sufficient work has not boon done 
to determine whether or not all marcasite does so. For the present, the writer remains 
of the opinion that the balance of evidence favors the conclusion that tho material 
under discussion is marcasite rather than pyrite. 



Fia. 2.— Gratxno stbttootiu! toxat DHraLOPKD; ptorhototb bntibblt bbmovbd; 

Maky Mins. X 36. 
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Fig. 3. — Sphbkoids op Jicabcasite developing in paibly prbsh pyrbhotite; 

BELLA Mine. X 36. 
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Fig. 4. — ^The same. X 36. 
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Fig. 5. — ^Enrichment in gratings; the spaces between many of the bars are 
PILLED WITH chalcocite-cotellitb; Mabt Mine. X 36. 



Fig. 6.— The same. X 100. 
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Fig. 7. — CHALCOCiTE-coviiLLrrB keplacing maecasitb; East Tennessee Mine. 

X 100. 



Fig. 8. — ^Thb same. X 290. 
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Fic3. 9. — Spheroidal chalcocite-cotellite in clayey gangue; Burra Burra 

Mine. X 100. 



Fig. 10.— CirALOOOITE-COVRLLITH REPLACING GRAIN OF SPHALERITB, LEAVING RIM 
unrmplaoed; Mart Mine. X 100. , 
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but in these cases it is full of minute cracks and obviously undergoing 
attack of some sort. 

The marcasite replaces pyrrhotite first and foremost, and in the early 
stages pyrrhotite is the only mineral attacked. Veinlets of marcasite 
can be seen traversing pyrrhotite and stopping abruptly at the border of 
a grain of chalcopyritc. Occasionally, they pass through sphalerite, but 
with diminished width. At a later stage, or when the action is more 
intense, there is no doubt that sphalerite is replaced by marcasite to an 
appreciable degree; some grains can be seen, under the high-power 
microscope, to be penetrated by groups of nearly parallel veinlets of 
marcasite giving a sort of horsetail effect. To sum up, marcasite replaces 
P3?Trhotite very vigorously, sphalerite much more feebly, chalcopyrite 
and pyrite not at all. 

Pyrrhotite, of course, differs from the other sulfides in the great ease 
with which it is dissolved by sulfuric acid; it is probably this fact that is 
responsible for its early alteration or removal from the zone of oxidation. 
Whatever the cause, the effect is beyond doubt; the pyrrhotite disappears 
altogether at a relatively early stage. The disappearance is almost 
absolute. Except for an occasional small grain scaled in by other more 
resistant minerals, the sulfide ore just below the gossan contains no 
pyrrhotite at all. 

The other sulfides may be treated more briefly. Pyrite remains 
unaffected until a very late stage; only at the very contact with the gos- 
san docs it begin to alter. Solution cracks form in it, socking out lines 
of weakness in the (‘.rystal and forming branching channels in it. In 
these cracks and around the margins, limonitc begins to form. The 
crystals are broken up and the remainder of the decomposition is rapid. 

Chalcopyrite is also rather resistant to the solutions; and long after 
the pyrrhotite has gone, the ragged grains of chalcopyritc remain 
scattered through the crumbling ore. There is romarkalily little altera- 
tion in those grains; they seem to bo almost as inert as the pyrite. In 
some of the specimens, it seemed possible that the chalcopyrite might 
be secondary; a few cases were noted where chalcopyrite surrounds and 
replaces a small core tliat ap])eare(l to l)c pyrrhotite in a way that has no 
parallel in the primary ore. However, most of the chalcopyritc in the 
ncan-surfaco material is certainly residual, for it c‘.ontains inclusions of 
sphalerite and pyrrhotite, just like those in the primary ore, and it tends 
to be concentratc'xi around pyrite crystals and around vugs (i. e., around 
calcitc) just as it is in the primary ore. S(',conclary chalcopyrite probably 
does occur, but it is of very minor importance. 

Sphalerite is affected somewhat more than chalcopyritc but very much 
loss than pyrrhotite, and residual grains are found until a fairly late 
stage. Magnetite is also comparatively resistant to oxidation and shows 
no sign of alteration to mar<ja‘<ite. 
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Of the gangue minerals, calcite is completely leached out early in the 
proceedings. At about the stage at which marcasite begins to become 
abundant, calcite disappears completely. The silicates are more resistant 
and often get into the gossan, while quartz is, of course, but little affected. 

The net result of all this is a gradual crumbling. In a porphyritic 
ore of the Burra Burra type the phenocrysts of pyrite remain hard and 
bright, while the groimdmass, through the disappearance of two of its 
most important components, pyrrhotite and calcite, goes to pieces. 
The pyrrhotite leaves behind a much smaller amoimt of marcasite, the 
calcite only vugs. 

Enrichment 

The greater number of our polished sections showed no secondary 
copper sulfides at all, but one suite from a pocket in the Mary and several 
single specimens from other mines did contain appreciable amounts of 
chalcocite and covellite. These, with two specimens kindly furnished by 
Prof. J. F. Kemp, of Columbia University, and one from the Harvard 
museum, all collected a number of years ago, were suflScient to enable 
us to form a definite idea of the enrichment processes. 

The secondary sulfide is, for the most part, not pure chalcocite. Firm 
chalcocite, white in polished sections, which is present in large amounts 
in many of the western mines, is conspicuously absent at Ducktown. 
There is a certain amount of pure covellite, but much more commonly 
the material is some shade of bluish white, and it can often be recognized 
under the high-power microscope as a mixture or intergrowth of chalcocite 
and covellite. 

Some of the secondary sulfide is formed by the enrichment of sphaler- 
ite and chalcopyrite, especially of the former. In the specimens that 
show the greatest enrichment, the sphalerite is always replaced to a 
greater or less extent, and the enriching mineral is chiefly covellite. The 
chaJeopyrite is affected very much less. 

The black copper ores, however, were much too rich to be accounted 
for merely by the enrichment of the two minerals just mentioned. The 
pyrrhotite must, in some way, have played an important part. There 
must have been: (1) direct enrichment of pyrrhotite, (2) replacement of 
pyrrhotite and enrichment of the replacing mineral, or (3) enrichment by 
open space filling, i. e., the precipitation in vugs (solution cavities) of 
copper sulfides by the reaction of copper sulfates with the hydrogen 
sulfide formed from the pyrrhotite. The first has not been demon- 
strated; on the contrary, it appears that the pyrrhotite is always removed 
before enrichment gets fairly started. The third is perhaps of sonm 
importance. To the writer, however, the second appears to be the 
critical reaction. 

Most of the enrichment in our specimens is tied up with marcasite. 
The pyrrhotite alters to marcasite chiefly from grain borders and from 
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cleavage planes and other cracks, the result usually being a skeleton of 
marcasite with the interstices empty or filled with soft material. This 
interstitial material is, in many cases, enriched by chalcocite-covellite. 
There is some doubt as to just how these copper sulfides have formed. 
It is arguable that they may be precipitated by H2S produced by the 
decomposing pyrrhotite; it is also conceivable that they may represent 
direct enrichment of rotten pyrrhotite; but the writer believes strongly 
that they are formed in the main by replacement of marcasite. As 
already stated, the texture of the marcasite varies a good deal. The 
material closest to the grain borders and cracks is hard, while farther in 
it is apt to be softer and spongy. This soft and spongy stuff, the inter- 
mediate stage in the transition from pyrrhotite to marcasite, would 
obviously be more easily affected by copper-bearing solutions than 
would the hard dense mineral. In more extreme cases, however, even 
the firmest marcasite is enriched vigorously. One of the richest of our 
specimens is composed of chalcocite-covellite with residues of marcasite, 
and it shows a spheroidal structure which appears to be inherited from 
the marcasite. 

Discussion 

It seems, then, that the main requisite for a proper understanding of 
the processes, both of oxidation and enrichment, is a knowledge of the 
exact nature of the changes that take place in the pyrrhotite. It is 
strongly attacked and completely removed, and there is little doubt 
that the most active attacking agent is sulfuric acid. Sulfuric acid 
is generated in larger amounts during the oxidation of sulfides and 
hydrolysis of sulfates at the bottom of the gossan, and it is an effective 
solvent of pyrrhotite. The reaction is 

FoS.S* + H2RO4- FeS04 + H.S + xS (1) 

That is to say, the iron goes into solution as ferrous sulfate, most of the 
sulfur Is converted into liydrogon sulfide, and a small amount of sulfur 
(one-eightli, if pyrrhotite is taken as FctSs) is left free. There is a 
further reaction possible here, one that has boon recorded by Allen at the^* 
Geophysical Laboratory. It is 

FcS() 4 + HaB + S - H2SO4 + FeSs (2) 

Hero, then, is a i)0SHiblc cx])lanation of the formation of some of the 
marcasite as an incident in the removal of the pyrrhotite. It is a reaction 
that can take place without the help of free oxygen, therefore well below 
water level, but it can fix only about one-seventh of the total iron. There 
is no doubt that locally, at least, a much greater proportion than this 

T. Allen: Studios on Ore Deposition with Si)eoial llcforonco to the Sul- 
phides of Iron. Jnl Wash. Sci, (1911) 1, 6. 
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has been fixed as marcasite, and we must therefore look for some other 
reaction. This is not far to seek. Allen^® says: 

Experiments have, in fact, shown that both pyrite and marcasite may be obtained 
by the action of hydrogen sulfide on ferric-sulfate solutions. It is well known that 
ferric sulfate is directly reduced by hydrogen sulfide to ferrous sulfate with a simul- 
taneous precipitation of sulfur 

Fe 2 (S 04)3 + H 2 S = H 2 SO 4 + 2 FeS 04 + S (3) 

but it had not previously been noted that the further action of hydrogen sulfide and 
sulfur on ferrous sulfate slowly gives rise to a dark precipitate having the composi- 
tion FeSj. This reaction, which we may represent by the equation 
FeS04 + HoS+ S - HsSOt + FeS2, 

takes place even at ordinary temperatures, though quite slowly. A microscopic 
examination of product proves that it is distinctly crystalline, though the crystals 
are minute. If the reaction is allowed to go on at a suflBciently high temperature, 
in a sealed glass tube, say 200° C., the crystals grow large enough to measure, and it 
has been found that they are partly marcasite — a mineral which has not previously 
been made artificially. 

Combining reactions 3 and 2 we get 

Fe 2 (S 04)8 + 2 H 2 S = 2 H 2 SO 4 + FeSs + FeS04 (4^ 

In this case one molecule of FejSs would yield on solution by sulfuric 
acid 7 H 2 S, which would produce FeS 2 ; in other words, one half of the 
iron could be fixed as marcasite. 

The writer believes that it is this reaction which is mainly responsible 
for the formation of the marcasite. It is a matter of field observation 
that there is an almost imlimited quantity of ferric sulfate available; in 
fact, all or a great part of the iron passes through the ferric sulfate form 
as a normal step in its transition from sulfide to hydrate. It is, also, a 
matter of field observation that there is a great deal of sulfuric acid, and 
that hydrogen sulfide can often be smelled when the crumbling ore just 
under the gossan is broken into. Given these, the reaction would appear 
not only possible but inevitable. 

The question has arisen whether the marcasite is formed by natural 
supergene processes at all, or whether it may not be merely a product of 
mine oxidation. It is true that many of the specimens we took come from 
places that had been exposed to the air for years. It is also true that 
stalactites of marcasite have been found growing on mine timbers. 
Nevertheless, the marcasite is so widespread, occurs in such largo 
amounts, and appears to play so essential a part in the transition from 
primary ore to gossan, that the writer is unable to regard it as simply an 
accidental product of a few years' growth. If the hundred or more 
near-surface specimens he has examined are at all characteristic of 
the ore deposit as a whole, marcasite is one of the most important of the 
secondary minerals there. While not denying the probability that the 
reactions may have been locally accelerated by the opening of the pits, 

Idem, See also Allen, Crenshaw, Johnston, and Larsen: Op, cit. 
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the writer sees no reason why they should not have proceeded in the 
manner outlined above during the long period of secular oxidation. 
Given oxygen and water, the other steps follow logically — ^the manu- 
facture of sulfuric acid, the attack on pyrrhotite with the formation of 
ferrous sulfate "and hydrogen sulfide, the oxidation of the ferrous sulfate 
to ferric, the reduction of part of the ferric by more hydrogen sulfide 
with the formation of marcasite, and the breakdown of another part to 
limonite with the regeneration of sulfuric acid. 

If this explanation is correct, the key to the whole situation is the 
abundance ot hydrogen sulfide, which is the result of the action of strongly 
acid solutions on a very easily decomposed sulfide mineral. At the 
bottom of the gossan, just above the water level, oxidation is taking 
place, and sulfuric acid, ferric sulfate, and cupric sulfate are being manu- 
factured. The water seeping into the primary ore below is, therefore, 
charged with these reagents. The sulfuric acid immediately attacks 
pyrrhotite, liberating hydrogen sulfide, which in turn reacts with ferric 
sulfate, reducing it and forming marcasite in practically the exact spot 
where the hydrogen sulfide is formed. Thus, by far the greater part 
of the marcasite replaces pyrrhotite, but a certain amoimt of hydrogen 
sulfide is also generated by sphalerite and therefore a minor amount of 
marcasite forms by replacement of that mineral. 

The lower limit of the zone of alteration is sharp and close to the 
upper limit. Above the water level oxidation has done its work com- 
pletely. Below the water level it is abruptly stopped for several reasons, 
One, and probably the important one, is the fact that the vadose solu- 
tions are diluted, on reaching the water level, to such an extent that they 
lose nearly all their potency. Another is the physical nature of the ore — 
its compactness and impermeability. A third is the fact that the break- 
down of the pyrrhotite and removal of calcite cause a great increase in 
the porosity of the topmost layers of the sulfides, so that they present a 
large surface area to the attacMng solutions and tend to neutralize them 
before they can penetrate far into tHe primary ore. Hence, instead of 
oxidation and enrichment proceeding in two deWte zones, one above the 
other, they are very much telescoped. This may explain why ferric 
sulfate, which belongs in the oxidizing zone, can succeed in getting down 
to the primary ore before enrichment begins, as some of it must do if it is 
in fact the source of the iron in the marcasite. It cannot have done so in 
excessive amounts, for chalcocite was formed later than part of the 
marcasite and chalcocite is unstable in the presence of ferric sulfate. 
However, the marcasite reaction, as already indicated, is a two-stage 
process. There is first the reduction of ferric sulfate to ferrous by HiS 
with the liberation of sulfur, and second the reaction of the ferrous sulfate 
and free sulfur with more HtS to form marcasite. If the acidity is high 
and the reaction with pyrrhotite rapid, there is probably enough HaS 
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generated to take care of most of the ferric sulfate and prevent it from 
attaining any very high concentration in the chalcocite zone. Further, 
the sulfur used in the earliest formed marcasite may be largely the excess 
sulfur of the pyrrhotite itself and not derived from ferric sulfate at aU. 

It seems necessary, nevertheless, to conclude that ’the secondary 
copper has precipitated in the presence of some ferric sulfate; in this 
connection it is interesting to note that the copper mineral is largely 
coveDite, or at least a chalcocite-covellite intergrowth. Covellite is 
much more stable than chalcocite with respect to ferric sulfate. 

The effect of sulfuric acid is to retard the emichment of ohalcopyrite 
and accelerate that of sphalerite.** In the case of sphalerite, hig h acidity 
tends to produce covellite rather than chalcocite.*^ In most deposits, 
chalcopyrite enriches more readily than sphalerite, and chidcocite is a 
more common enrichment product than covellite, but the observed facts 
at Ducktown axe that sphalerite enriches to a far greater extent t.hn.Ti 
chalcopyrite and that its enrichment product is chiefly covellite. This 
confirms the conclusion that the solutions were rather strongly acid. 

The strict coincidence of the zone of enrichment with the water 
level has already been explained by the supposition that oxidation has 
been able to remove completely all sulfides above that level. The 
history of the deposits is conceived to be as follows: The orebodics were 
formed after the main period of regional metamorphism but while the 
present surface was still buried to a depth of several thousand feet; 
that is, they were formed at or soon after the end of the Appalachian 
revolution, say, in late Permian or early Mesozoic times. Mesozoic 
erosion brought them to the surface, and ^e country was reduced to old 
age in about the Cretaceous period. At or before this time, therefore, 
oxidation was able to outdistance erosion and reach the water level 
where it was stopped abruptly by dilution of the solutions and a dearth 
of oxygen. The condition attained at that time has persisted to the 
present day, for there has since b^n only a moderate amount of uplift 
and dissection, and the zone has ^ily adjusted itself to the changes in 
the water level. 

Other Occurrences of Marcasite after Ptrrhotitb 
Gossan Lead, Virginia 

Immediately after visiting Ducktown, the writer spent a day at the 
Gossan mine, at Monarat, Va. This is on the Gossan Lead, a belt of 
pyrrhotite ore running for many miles through southwestern Virginia. 
In their mineralogy, geologic relations, and dimatio conditions, these 

i»Zie8, AUen, and Merwin: Secondaiy Copper Sulphide Eariohmentr"^^ 
fferf. (1916) 11, 602. 

ZieS| Allen and Merwin: Op. cU,^ 491* 
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deposits bear a rather strong resemblance to those of Ducktown. The 
primary ore contains less copper, the topography is more rugged, and 
erosion probably more rapid, but, on the whole, the phenomena of oxida- 
tion are very like those of Ducktown. A suite of specimens collected 
in the open pits at the top of the sulhde ore showed an exactly similar 
development of marcasite, both in spheroids and with grating structure. 

Rossland, B. C. 

This is another camp in which pyrrhotite is the chief sulfide, but there 
is no deep oxidation like that at Ducktown and the Gossan Lead. Never- 
theless, two specimens picked up by the writer on the dump of the Sunset 
mine, a prospect in the “south belt” of the camp, showed in polished 
section a small but unmistakable development of marcasite in the 
pyrrhotite as veinlets and small spheroids. In these specimens, the 
marcasite is associated with limonite, which was not the case in the 
fresher specimens from Ducktown. It is suggested that the reason may 
be that oxidation is proceeding at a much slower rate, the concentration 
of sulfuric acid is much smaller, and the attack on P3rrrhotite much 
milder. The ferric sulfate is partly reduced to marcasite, but the 
consumption of acid allows part of it to hydrolyze to limonite. 

Beginnings of the marcasite alteration were detected in a specimen 
from the pyrrhotite-nickel deposit at Dracut, Mass. On the other hand, 
a few specimens from the glaciated outcrops of the Sudbury orebodies 
showed no sign of marcasite, the pyrrhotite apparently oxidizing directly 
to limonite. 

It seems probable that marcasite will be found to be quite a common 
product of pyrrhotite alteration, especially where conditions are favor- 
able for the production of a strong concentration of sulfuric acid in the 
zone of oxidation. 


SUMMABT AKD CONOLUSIONS 

1. The key to both oxidation and enrichment at Ducktown is the 
behavior of the pyrrhotite, which is easily soluble in sulfiuic acid with 
evolution of hydrogen sulfide. 

2. The pyrrhotite is in part dissolved, in part replaced by marcasite. 
The formation of marcasite is believed to be due mainly to the reaction 
of hydrogen sulfide with ferric sulfate. 

3. This change commences before the period of enrichment, and 
enrichment takes place chiefiy at the expense of the marcasite. 

4. The secondary copper sulfides are chalcocite and covellite. The 
relative abundance of covellite is beUeved to be due to the high acid- 
ity of the enriching solutions, and to some extent to the presence of 
ferric sulfate. 
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5. The enrichment of sphalerite is important; sphalerite is affected 
to a much greater extent than chalcopyrite. 

6. Chalcopyrite is rather inert to enrichment; secondary chalcopyrite 
occurs only in minor amounts. 

7. The position and shape of the zone of enrichment are accoimted 
for as follows: During the period of peneplanation oxidation was able 
to remove all sulfides above the water level, and it has been able to keep 
pace with the moderate changes in the water level due to subsequent 
dissection. It has been unable to work effectively for more than a very 
few feet bdow the water levd because of dilution of the solutions and 
the imperviousness of the ore. 
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DISCUSSION 

A. C. Lawson, Washington, D. C. — ^The author spoke of two classes 
of deposits — one with an abundance of iron sulfide and one with a scant 
amount of iron sulfide. Is there any difference in the gossan in those 
two cases? 

The author referred to the zone of enrichment as being a foot or two; 
is not that a very limited depth of enrichment? It occurs to me that 
if the ground water were stagnant, the reducing quality of that water 
would tend to be exhausted as the process went on, and thei-e would be 
a shallow depth of enrichment; but if the water were circulating the 
reducing qualities of the water would be maintained and so favor a deeper 
zone of enrichment. At My, the gossans of two deposits in the wnmo 
general porphyry are very different. At Ruth, the gossan contains 
nothing W limonite; there is no carbonate in it; it is over a rnila away 
from Copper Mat. At Copper Flat, before the pit was dug and con- 
cealed the evidence, the porphyry was full of carbonates, malachite, and 
azurite; a totally different type of gossan. It has been suggested that in 
one case there was much pyrite and in the other the pyrite was scant, 
and that any add due to oxidation was neutralized by limestone. ’ 

A. C. Spbnceb, Washington, D. C.— The author stated that undoubt- 
edly these solutions were acid. It is not apparent to me t^here the 
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acidity arises in ferrosulfate, which I think would give us merely ferrous 
sulfate by the hrst oxidation and not ferrous sulfate plus sulfuric acid, as 
would be the case if it were pyrite. 

GBOrFBBT Giubebt. — In both cases the original ore is practically 
all iron sulfide. You can get all the acid you want from the hydrolysis of 
ferric sulfate. Just exactly what the reactions are that occur, I could not 
say offhand. 

Jambs F. Kemp, New York, N. Y. — ^AU the mines have abundant 
pyrrhotite, but one of them, the Burra Burra, has a good deal of pyrite 
replacing the p 3 UThotite. 

Augustus Locke, San Francisco, Calif. — In the ordinary gossan, the 
acid is likely to be used up by combination with the bases of the rock; 
in this gossan, the amount so used up is probably less than is usual. The 
calcite, of course, must use up its amount of acid, but together with the 
other minerals it is not abundant enough to MU the acid as it is kitted in 
many gossans and in most of the cappings of the disseminated deposits. 

James F. Kemp. — There is one other possible explanation or a factor 
that may enter into the explanation of the narrow gossan. 1 spent some 
time in Ducktown, 20 or 26 years ago, before the Tennessee Copper Co. 
started its great operations and before many of these veins were opened 
to the extent they are now. It was possible to go into the old tuimels 
and foUow out the old water-line whence the early miners had taken the 
black ores. There were “floors,” as the local miners called them, of 
quartz associated apparently with some of the black ores, and it was 
a rather common phrase in the camp then, that the black ores had 
gathered on these cross veins or so-called floors of quartz. I saw some 
solid tabular masses of quartz traMverse to the vein and apparently 
right xmder the horizon where the black ores were found. 

Gbopebbt Gilbbet. — ^Henrich featured those in his accoimt of 
Ducktown.’ We did not see anything corresponding to them at all 
though we got into a lot of the very old workings. 

Sheeman F. Kmjlt, Toronto, Ont. — ^The author states that 
chalcopyrite is rather inert to emichment, which is rather unusual; is 
there any special explanation for it at this camp? 

Gbopbwbt GrtiBEBT. — ^The explanation I have advanced in this 
paper was the high acidity of the solutions; sphalerite enriches best when 
solutions are acid, 

J. T. SiNOBWADD, Baltimore, Md. — ^If this reaction takes place in 
pyrrhotite, why does not ii also take place in an ore composed almost 
entirely of pyrite? 
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Geoffbey Gilbert. — The pyrrhotite is much more soluble than 
pyrite in sulfuric acid and consequently generates much more 
hydrogen sulfide. 

L. C. Graton, Cambridge, Mass. — I presume that the water which 
has stood for countless thousands of years saturating a sulfide ore is 
reducing in its nature. That reducing power may be considerably more 
available tha n the reducing power of the sulfide ore that originated it; 
but in relative quantities, the reducing power in the water is infinitesimal 
compared with the reducing power in the ore. Until atmospheric 
gaseous oxygen gets into that ore and increases its permeability, you have 
a strongly reducing environment in the ore itself. I fancy the ground 
waters saturating the sulfide ore were essentially stagnant. They were 
transporting chemical material, however, at as rapid a rate as they could 
by diffusion, but because of the relatively great quantity of water in the 
essentially neutral ground water, in proportion to the small quantity of 
active reagents that were fed to the ground water from the oxidized zone, 
the degree of dilution of the latter was too great to permit essential 
modification of the sulfide ore more than a few feet below the water level. 

This Ducktown example is relatively unique, in two or three respects. 
In all the camps we have studied, this was the first example in which 
we have found any evidence of a secondary iron sulfide having been 
deposited. We have found no secondary pyrite deposited in the second- 
ary enrichments whatever. There have been a few cases where marcasito 
occurs in doubtful relations which, so far as I know, none of us has been 
able to resolve. But here is a case of secondary marcasite on an impor- 
tant scale, and presumably the reason for it is the pyrrhotite. I suppose, 
however, that pyrrhotite would likewise have formed in Ducktown on a 
considerable scale if the water level had been definitely below where it 
was and is. In other words, I do not believe it is the water level that 
essentially controls the presence of the secondary marcasite. Mar- 
oasite was determined by an unusually high acid concentration, partly 
because of the great quantity of sulfur in the original ore, acting on so 
easily decomposable a mineral as pyrrhotite, which not only is easily 
soluble but yields great quantities of hydrogen sulfide in the course of 
its solution. 

Attgxtstus Locke, San Francisco, Calif. — One of the things that has 
interested me is the thin tabular enrichment. It is quite easy to accept 
the conclusion that the enrichment is thin and tabular because the drop 
of water going down from the surface, so long as it is in the gossan, finds 
a very permeable material to pass through, and continues to find a per- 
meable material so long as it is in the sandy sulfide that has been affected 
by oxidation; but when it suddenly encounters the unaltered sulfide, a 
very impermeable material, its path instead of having a very large ver- 
tical component, tends to have a very large horizontal component. In 
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all the ores at which I have looked, and which continue to be permeable 
below the top of the sulfides, there is a tendency for secondary enrich- 
ment, if it occurs at all, to continue downward a long way. 

As to the silica floors mentioned — ^is there any possibility that they 
are residual concentrations of the silica contents of the ore during oxi- 
dation? Do they represent a certain thickness of ore from which all the 
iron oxide has been leached out without the corresponding deposition of 
iron oxide? I am thinking of conditions such as those existing in the 
Kyshtim deposits in the Urals which show residual sands greatly enriched 
in gold and silver, but from which the iron, copper and the other soluble 
things are practically all gone. 

One is inclined always to expect supergene chalcocite to be a replace- 
ment of another sulfide; that is a general rule in the Western deposits. 
Here, however, we have a very good source of abundant hydrogen sulfide, 
so the question at once arises, is not a good deal of the chalcocite what 
might be called an open-space jUlingf That is, not a replacement of 
another sulfide, but a deposition in non-sulfide gangue or a deposition 
in open spaces? I understand that point is somewhat discussed here and 
the conclusion is that not a very large proportion is of that kind, but I 
think we should put Ducktown, because of its hydrogen sulfide compli- 
cations, in a separate class from most of the deposits in which we have 
worked; we should expect to get all kinds of effects unknown in a place, 
for example, like Ely. 

James F. Kemp.— We must be cautious in our expectations coming 
from the semi-arid or arid regions of the West with deep-down ground 
water to the abundant rainfall and ground water of the East. I thought 
in my trip years ago, that the ground watef standing there protected the 
underlying pyrrhotite from further change, as it generally does. The 
diffusion of sulfides through its agency appealed to me as an exceedingly 
slow process, and one limited to short distances. 
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Magnetite Deposits of Eastern Porto Rico 

By Chables R. Fettke,* Ph.D., Pittsbxtegh, Pa. 

(New York Meeting, February, 1924) 


In connection with the gathering of data for a report on the geology 
of the Hmnacao district of southeastern Porto Rico during the summer of 
1916, imder the auspices of the Scientific Survey of Porto Rico and the 
Virgin Islands, conducted by the New York Academy of Sciences, the 
writer had an opportunity to make a brief examination of the magnetite 
deposits of the eastern portion of the island. Inasmuch as these depos- 
its have attracted some attention as possible future sources of iron ore, 
and as there is only scanty reference made to them in literature,^ a short 
description based on this reconnaissance survey was deemed to be worthy 
of record. 

The magnetite deposits of eastern Porto Rico occur in association 
with a belt of limestone, trending approximately S 53° E, which begins 
miles east of Juncos and can be traced for about 6 miles toward the 
coast. Four outcrops of magnetite were observed, which are designated 
as Nos. 1, 2, 3, and 4, respectively, on the map shown in Fig. 1, Others 
are probably present, but escaped notice on account of the thick mantle 
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of residual soil, which in. most places conceals the bed-rock formations. 
One deposit, %o naile south of Torres, designated as No. 6, lies about J4o 
mile northeast of the main belt. 

The outcrop east of Juncos, No. 1, is the most prominent and this 
deposit is probably the largest of those examined. Inasmuch as there 
are no fuels available ia Porto Rico for the establishment of a local iron 
industry, the ores, if exploited, will have to be shipped. The two nearest 
harbors at which shipping facilities are at present available are San Juan 
and Fajardo Playa; of these, San Juan is by far the better. By way of 
the Gurabo and Rio Grande de Loiza valleys, the Juncos deposit is 31 
miles distant from San Juan. The electric and narrow-gage steam rail- 
road from San Juan to Caguas covers the distance to the mouth of the 
Gurabo River; thence it is 10 miles up the Gurabo valley to the magnetite 
deposit. For most of this distance a light narrow-gage track has been 
constructed for the transportation of sugar cane from the fields to the 
central “Juncos.” 

By way of the headwaters of the Gurabo River, across the divide to 
the Rio Blanco valley, down this to Naguabo, thence parallel to the coast 
to Fajardo Playa, the distance is about 27 miles. Ensenada Honda, 
south of Fajardo Harbor, is 7 miles nearer but has no shipping facilities. 
Along all but the first 9 miles of this distance, light narrow-gage tracks are 
already laid for the hauling of cane. The only steep grades along this 
route occur after leaving the headwaters of the Gurabo River and going 
down Pena Pobro Creek, a tributary of the Rio Blanco. Along this the 
haul would bo down-grade. 

The deposits are, probably, not of sufficient size to warrant the 
expenditure of large sums of money for transportation facilities, there- 
fore such facilities as are available would have to be used to exploit 
the deposits at a profit. 

Ouninra of Geology of Dibtbict 

The interpretation of the bed-rock geology of the area under con- 
sideration is difficult because of the thick mantle of residual soil over 
most of it. In the lowland regions, outcrops are few; and those that 
do occur are usually considerably decomposed. Formational boundary 
lines, therefore, can be traced only approximately. The best exposures 
are found along stream beds and recent road cuts and occasionally at 
or near the crests of the ridges. The formations have been folded and 
invaded by numerous intrusives but reliable strike and dip measure- 
ments can rarely be obtained on account of the massive character of 
most of the roola involved and the scarcity of outcrops. 

The, oldest formations exposed belong to what Berkey has called 
the “older series;”* their distribution is sho^wn in Fig. 1. They prob- 

'* Oluuelfis P. Loe. dL, 10. 
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ably represent some of the lowermost members of the series. Berkey 
considers the whole series to be of Cretaceous age, using the term to 
include both the Upper Cretaceous and Lower or Oomanchian.® Later 
workers in other parts of Porto Rico concur with him pretty well in this 
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Pig. 1. — Geologic map op Jtjncos-Torbbs District. 


correlation/ In the area under investigation, the writer was not able 
to find any fossils. 

In the Juncos-Torres region, the older series^' consists chiefly of 
andesites, andesite tufls, and limestone; the andesites predominate. 
They show a rather wide range in texture and mineralogical composi- 
tion and include some dacites and latites. Augite and hornblende 
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varieties are of most frequent occurrence and a porphyritio texture is 
usually developed in them. Both extrusive and intrusive types are 
imdoubtedly represented, but it is difficult to differentiate these in the 
field. In many instances, a parallel alignment of the plagioclase laths 
of the groundmass, indicating a flowage structure, is revealed under 
the microscope. 

The tuffs rank next to the andesites in order of abundance. They 
are predominatingly andesitic in composition, but latite varieties are 
present. In texture, some of them are sufficiently coarse to be classed 
as volcanic breccias. Others contain sufficient calcareous material to 
be classified as calcareous tuffs; sometimes, these grade into tuffaceous 
limestone. In the vicinity of the magnetite deposits, the tuffs have 
frequently been metamorphosed into hornblende schists; similar changes 
have taken place along their contacts with the major intrusive of eastern 
Porto Rico, the San Lorenzo batholith. 

Limestones, while the least abundant of the three types of rocks com- 
prising the “older series,” are the most important in the Juncos-Torres 
district on account of the intimate association of the magnetite deposits 
with them. Their outcrops occur along two belts; one begins 1)4 niiles 
east of Juncos and extends S 53° E for about 6 miles; it has been called 
the Collores limestone because of its typical development in the barrio 
of Collores dc Piedras, northeast of Las Piedras. The dip is toward 
the northeast and ranges from 32° to 41°. The second belt was traced 
for only a short distance. It lies about J4o mile northeast of the south- 
east end of the first and apparently dips toward the southwest, although 
the character of its outcrop makes it impossible to determine this posi- 
tively. This makes it appear that a ssmcline is present and that the 
two belts may be formed by outcrops of the same bed. 

Along the southwest belt, the best development of the limestone 
appears in the vicinity of outcrop No. 3 in the barrio of Collores 
de Piedras. The limestone has a strike of N 64° W and dips 32° 
toward the northeast. Prominent ledges of gray and white crystal- 
line limestone, in some instances 40 ft. thick, crop out; the total thick- 
ness is estimated to be 250 ft. Qualitative analyses indicate a very 
pure Umestone. There is very little residue after treatment with cold 
dilute hydrochloric acid and only slight amounts of iron and alumina 
and a trace of magnesium carbonate are present. In the vicinity of the 
magnetite occurrence, the limestone has been converted into an aggregate 
of calcite, garnet, pyroxene, chlorite, quartz, magnetite, and specular 
hematite. Garnet is the most abundant of the metamorphic minerals. 

At the northwest end of the belt, just southeast of the Juncos magne- 
tite deposit, the limestone has been completely metamorphosed into an 
aggregate of garnet, pyroxene, amphibole, epidote, chlorite, and talc. 
Only minor amounts of calcite are still present in it. At the southeast 
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end, 1500 ft. northwest of outcrop No. 4, prominent ledges of white crys- 
talline limestone can also be seen. Some garnet rock is associated 
with them. 

Along the northeast belt, outcrops of limestone were observed at only 
one locality, about %o Diil® south of Torres. It is a dark gray, fine- 
grained variety that has not been metamorphosed to the same extent as 
the limestone of the first belt. An examination of thin sections shows 
that it consists principally of calcite; but occasional grains of quartz, 
augite, and plagioelase are present. The latter imdoubtedly represent 
tuffaceous material deposited simultaneously with the calcareous con- 
stituents. A few small grains of pyrite are also present. Southeast of 
this limestone, along the strike, a prominent ledge of metamorphosed 
rock was noticed in one place; under the microscope, this was found to 
consist almost entirely of an abrogate of vesuvianite grains. A little 
pale green amphibole and deep brown biotite occur between the former. 
This rock apparently represents metamorphosed portions of the lime- 
stone. At outcrop No. 5, only one place was discovered where a strike 
and dip determination could be made. The former was foimd to be N 
48® W and the latter 52® toward the southwest. The determination 
was taken on a prominent ledge of andesite, showing indications of a flow- 
age structure under the microscope, which rests upon the limestone. 

The San Lorenzo batholith, a great intrusive mass of quartz diorite, 
lies a short distance to the southwest of the major limestone belt. Its 
contact with the “older series” runs nearly parallel to the limestone out- 
crop. The Luquillo stock, composed of a similar intrusive rock, which is 
undoubtedly an offshoot of the former, bounds the “older series” on the 
north and northeast. The San Lorenzo batholith has produced pro- 
noimced contact metamorphic changes in the tuffs of the “older series” 
in many places where it has come into contact with them. In some 
instances, all traces of original structures have been obliterated with the 
conversion into hornblende schists. 

Under the microscope, the San Lorenzo quartz diorite is seen to be 
composed principally of plagioelase feldspar of the andesine or acid labra- 
dorite variety, quartz, and a dark brownish green hornblende. Ortho- 
dase, biotite, occasionally augite, magnetite, titanite, and apatite are the 
chief accessory constitu^ts. The rock, as a rule, possesses a coarse 
granitoid texture. This phase is, by far, the predominating type but 
sometimes quartz drops out almost entirely so that the rock becomes a 
diorite; in a few other instances, orthodase takes the place of plagioelase, 
producing a hornblende granite, and in rare cases augite replaces horn- 
blende, so that the rock is augite diorite. Occasionally, in the oas e of the 
smaller offshoots, the texture is porphyritic. 

With the exception of the andesite porphyries of the “older series,” 
some of which are imdoubtedly intrusive, only one small intrusive mimn 
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was found in this area older than the San Lorenzo quartz diorite. This is 
immediately northwest of the Juncos deposit; it possesses a granitoid tex- 
ture and has the mineral composition of a gabbro. The microscope shows 
it to consist chiefly of plagioclase feldspar of the labradorite variety and 
augite. A little greenish brown hornblende occasionally occurs as reac- 
tion rims aroimd the augite. Titanite is the chief accessory constituent. 
Small tongues of quartz diorite projecting into the gabbro along its contact 
with the latter clearly indicate that the Jimcos gabbro is the older rock. 

Southwest of outcrops Nos. 2 and 3, an intrusive mass of coarse light 
pink granite lies between the “older series” and the San Lorenzo batho- 
lith. This has been called the Yabucoa granite on account of its typical 
development in the vicinity of Yabucoa Playa, where it is intrusive in the 
quartz diorite. The rock possesses a coarse granitoid, in some instances 
almost pegmatitic, texture. Under the microscope, the two chief con- 
stituents are fotmd to be orthoclase and quartz; only minor amounts of 
plagioclase and a little biotite occur in it. 

Two other small intrusive masses, also situated along the contact 
between the quartz diorite and the “older series” between outcrops 
Nos. 1 and 2, arc worthy of mention. Thin sections show that they 
possess a porphyritic texture with the phenoers^sts in excess. The pre- 
dominating minerals are plagioclase, orthoclase, and a dark greenish 
brown hornblende. The groundmass is made up largely of feldspar and 
quartz occurring in part as micro^aphio intergrowths. Magnetite, 
apatite, and titanite are the principal accessory constituents present. 
These intrusives are correlated with the Patillas quartz monzonite, 
which was intrusive in the Yabucoa granite southeast of the town of 
Patillas along the southeast coast of Porto Eico. 

Aplite, granite, rhyolite, trachsrte, dacite, and andesite porphyry 
dikes out not only the “older series” but also the San Lorenzo quartz 
diorite' and the Yabucoa granite. All of these intrusives have been 
shown, by other workers on Porto Eican geology, to be older than the 
oldest of the Tertiary beds that oyerlie the “older series” unoonform- 
ably along the north and south coasts of the island, as they are nowhere 
found to intersect them. The lowermost members of the Tertiary 
series are Middle Oligocene." 

Descbcption of Maonetiie Deposits 
Deposit at Outcrop No. 1 

The magnetite deposit at outcrop No. 1 lies IH tidies east of Juncos 
along the crest of a ridge, south of the Gurabo valley, that rises approxi- 
mately 376 ft. above the lowlands to the north and south. The map, 
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Fig. 2, based on field notes, shows the relationship of the outcrop to the 
surrounding formations; Fig. 3 shows the ridge, looking toward the north. 

The outcrop has a strike of N 60® W and apparently dips 62® toward 
the northeast. It can be traced for 2000 ft. along the crest of the ridge, 
but the best development of magnetite occurs at the northwest end, where 
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Fig. 2. — ^Rbxationbhip of ouTcaop No. 1 to suBRotJNniNQ formations. 


large boulders and prominent ledges of nearly pure magnetite are very 
conspicuous. Much of the magnetite in the outcrop at the northwest 
end is fine-grained and nearly pure. It possesses a porous structure, 
due undoubtedly to the leaching out of silicates and perhaps smal l 
amounts of sulfides by weathering. Octahedral crystals of magnetite 
sometimes line drusy cavities. Part of the magnetite is suflSiciently 
magnetic to pick up small tacks. Occasionally a fine-grained inter- 
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FlO. 3 . — RiDOII WITHlMAaOTiTITB DEPOSIT BAST OF JiTNOOS. 



Fid, I—MaOHBTITO OBB FSOK HWSTBBW BHD OF JuiTOOS DBPOBIT; BIAOK JJINBBAD 
IS HAONBII^, UORT MINBBAD IB QABNBT. 
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growth of magnetite and specular hematite occurs; qualitative analyses 
show only traces of titanium. In several places a little malachite was 
noticed; this is presumably derived from a sulfide, such as chalcopyrite, 
and indicates that, in depth, small amounts of sulfides are probably 
present in association with the magnetite. Garnet occurs with the 
magnetite at the west end of the deposit; under the microscope, it shows 
pronounced optical anomalies and complex twinning. A little fibrous 
amphibole has been formed from it by alteration. At the east end, the 



Pig. 6. — Magkbtitb obb pbom hastbbn end of Jungos deposit; black minebal 

IB MAQlilBTITB, LIGHT 1£Q7BBAL IS EPIDOTB, 

tiaagnetite occurs with much larger amounts of silicates* A thin section 
of a specimen shows epidote to be the predominating mineral with which 
the magnetite is associated, but small, patches of garnet are also present; 
Fig. 4 shows the association of magnetite and garnet, and Fig, 6 that 
of magnetite and epidote. 

Toward the southeast, the magnetite is succeeded by a belt of metsr 
morphic rock, which is thought to have been derived from the CoUores 
limestone, perhaps a tuffaceous phase. Numerous prominent ledges 
crop out along the hillside. At one place, about 400 ft, beyond the 
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orebody, the strike is N 37“ W and the dip 38“ NE. Large vugs occur 
in the metamorphosed rock in places. A microscopic examination 
reveals that the rock is largely pyroxene and garnet, the garnet having 
developed after the pyroxene; calcite, epidote, quartz, and talc are 
present in minor amounts and chlorite has developed along rdinute 
fractures. Another specimen taken from the walls of one of the vugs 
consists largely of garnet and amphibole with some talc; the garnet 
apparently formed first, then the amphibole, and finaUy the talc. 

Hornblende and pyroxene schists, imdoubtedly derived from andesite 
tuffs, overlie and underlie the metamorphosed Westone. A thin sec- 
tion of a specimen obtained from above the limestone possesses a dis- 
tinctly foliated structure. It is made up chiefly of plagiodase, quartz, 
orthoclase, and a deep green hornblende; a little psrroxene is also present. 
The outlines of a few original feldspar crystals now completely altered 
to kaolin, sericite, and epidote can still be recognized. Magnetite and 
titanite are present as minor constituents. A specimen taken from a 
point some distance below the limestone also possesses a schistose appear- 
ance. It is composed of an interlocking mosaic of pale green pyroxene, 
plagiodase, orthoclase, and a little dark green hornblende. A few large 
crystals of pyroxene full of indusions, of which some are smaller pyroxene 
grains, are present; magnetite occurs in minor amounts and epidote has 
developed along minute fractures. 

At the west end, an augite andesite occurs as the foot wall of the mag- 
netite deposit. It possesses a felsitio texture with a tendency for the 
many feldspar laths of the groundmass to be in parallel alignment, indi- 
cating a fiowage structure. A few phenocrysts of plagiodase of an ande- 
sine or acid labradoiite variety and a little augite are present. The 
matrix consists chiefly of plagiodase. Titanite is an accessory mineral. 
Pale groon hornblende segregates occur along smstll fractures as well as 
in places once occupied by augite phenocrysts. The plagiodase is 
clouded by sdteration products. 

In one place north of the deposit, an outcrop of metamorphosed ande- 
site tuff was observed. It shows a fine texture smd a sli^t tendency 
toward a schistose structure. Grains of augite, plagiodase, and ortho- 
clase up to 0.4 mm. in length are present. The matrix consists chiefly 
of an allotriomorphic intergrowth of quartz and pale green hornblende. 
A little chlorite has developed from hornblende. 

Beyond the andesite tuff, toward the northwest, there is an occurrence 
of hornblende andesite porphyry. Augite phenocrysts with reaction 
rims of hornblende are prominent. The matrix is, predominatingly, a 
brownish green hornblende with only minor amounts of plagiodase; it is 
coarse in texture. A little magnetite and apatite are present. 

The Junoos deposit lies about 2600 ft. north of the San Lorenzo quartz 
diorite batholith. An ofiishoot of the latter, which may be part of the 
Luquillo stock, crops out 500 ft. north of the magnetite occurrence. 
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Deposit at Outcrop No, 2 

The magnetite deposit at outcrop No. 2 is situated about 3% miles 
southeast of outcrop No. 1 on the south side of a ridge about 160 ft. below 
its crest and 366 ft. above the valley at its base. The outcrop strikes N 
60® W and can be traced for 335 ft. The dip appears to be 72° toward 
the northeast. 

Magnetite is the chief ore mineral present but some fine-grained specu- 
lar hematite occurs. Garnet is the predominating gangue mineral appear- 
ing in the outcrop. Drusy cavities lined with trapezohedrons of garnet 
and sometimes small octahedrons of magnetite, as well as crystals of 
quartz, are common. Veinlets of magnetite and quartz cut massive gar- 
net rock; the garnet is reddish brown. A qualitative analysis indicates 
that it is the andradite variety, silica, iron oxide, and lime being the chief 
constituents. Alumina occurs in only small amounts and magnesia is 
absent. 

A green brecciated rock forms the north, or hanging, wall of the 
deposit; the dark green portion is intersected in all directions by streaks 
of light-colored material. Under the microscope, the dark green portions 
are found to consist chiefly of pyroxene associated with small amounts of 
garnet. The light portions represent an allotriomorphic intergrowth of 
plagioclase, orthoclase, quartz, and some pyroxene. It is thought that this 
rock represents a metamorphosed andesite tuff, probably a calcareous one. 

North of the tuff, along the crest of the ridge, an augite andesite crops 
out. This has a felsitic texture and under the microscope the plagioclase 
laths of the groundmass are seen to be in more or less parallel alignment, 
indicating a flowage structure. A few large phenocrysts of augite can 
still be recognized. Others have been altered into aggregates of epidote 
or brownish green biotite and secondary quartz. The matrix is composed 
of plagioclase laths, biotite, and augite. 

This magnetite deposit Is located about H northeast of the San 
Lorenzo batholith. 

Deposit at Outcrop No, 3 

The outcrop of the magnetite deposit at outcrop No. 3, which is 
mile southeast of outcrop No. 2, though it is not very conspicuous at the 
surface, is of considerable interest because the relationship of the magne- 
tite, and contact metamorphic minerals associated with it, to the Collores 
limestone is brought out more clearly than at the other outcrops. The 
magnetite associated with metamorphosed limestone occurs near the top 
of a northwest-southeast ridge. Numerous outcrops of nearly pure crys- 
talline light gray and white limestone appear on the southwest flank of 
this ridge. The strike of the formations is N 64° W and the dip 32° NE. 
It is estimated that the limestone is at least 250 ft. thick. A small quarry 
has been opened from which limestone has been taken for burning into 



CHASLES E. PBTTKB 


1035 


lime for local use. Qualitative analyses indicate that the limestone should 
yield a good grade of lime. 

A thin section of the crystalline gray limestone below the magnetite 
reveals an interlocking mosaic of calcite crystals of medium texture with 
only occasional minute grains of iron oxide among them and a very 
little chlorite. A specimen of the metamorphosed limestone from the 
hanging wall of the deposit is composed of garnet, pyroxene, and calcite, 
garnet being the most abundant. Garnet seems to have developed some- 
what later than pyroxene and some of the calcite, in the form of little 
veinlets, cuts all three. Northwest of the deposit proper, prominent 
ledges crop out that range in mineral composition all the way from crys- 
talline calcite associated with only small amounts of silicates to those in 
which silicates are the predominant constituents present. A thin section 
of the least-altered rock consists mostly of calcite and a little garnet 
intersected by fractures, along which quartz, specular hematite, and 
possibly magnetite, have been introduced replacing the calcite. This 
was followed by the development of chlorite along fractures and between 
calcite grains, replacing the latter in part. The final stage was the 
deposition of later calcite in the form of minute veinlets cutting the 
other minerals. Garnet showing pronounced optical anomalies is the 
predominating mineral in the more altered rock, having almost com- 
pletely replaced the original calcite of the limestone. Magnetite and 
specular hematite have been introduced along fractures accompanied by 
the development of chlorite. Lat^ veinlets of calcite and quartz cut 
the other minerals. 

The limestone is overlain by an andesite at outcrop No. 3 and is under- 
lain by a metamorphosed and much altered andesite tuff. The magnetite 
deposit occurs in the upper portion of the limestone, just below its 
contact with the overlying andesite. The San Lorenzo batholith lies 
about H to the southwest. 

Deposit at Outcrop No. 4 

Outcrop No. 4 occupies nearly the entire crest of a hill about 1)4 niiles 
southeast of outcrop No. 3. It has a length of nearly 200 ft. and a maxi- 
mum width of 80 ft. at the western end, where some coarse micaceous 
hematite, associated with quartz, as well as massive magnetite are present. 
The outcrop, while not very large in area, is very prominent. Great 
boulders of massive magnetite derived from it are strewn along the hiUside 
to the south and have accumulated in the little valley at the base. 

A feldspathic andesite comprises the hanging wall of the deposit. 
Thin sections show it to possess a fdsitic texture and distinct flowage 
structure brought out by the parallel alignment of the plagioclase laths. 
A few phenocrysts of plagioclase and a light green hornblende, derived 
possibly from augite, are present. Occasional aggregates of epidote also 
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occur. The matrix consists, predominatingly, of plagioclase laths in 
more or less parallel alignment. Skeleton crystals of iron oxide, possibly 
magnetite, are prominent; a little hornblende is also present. About 
300 ft. south of the deposit there is a small outcrop of a sericite phyllite, 
probably representing a metamorphosed volcanic ash or shale, which has 
a strike of N 59° W and a dip of 41° NE; sericite, quartz, and iron oxides 
are its chief constituents. About 1500 ft, N 73° W from the deposit prom- 
inent outcrops of gray crystalline limestone and associated garnet rock 
were observed. The main San Lorenzo batholith lies % mile to the 
southwest, while a small offshoot from it crops out only mile away. 

Deposit at Outcrop No, 5 

The magnetite deposit at outcrop No. 5, south of Torres and 

about the same distance north of outcrop No. 4, does not belong to the 



Fig. 6. — ^Ridgib with magnbutb deposit south op Tobbbs. 


same belt as the first four deposits. The outcrop, which is not very con- 
spicuous and is traceable only for about 50 ft., occurs on the north side 
of a ridge just below its crest, which rises 410 ft. above the Gurabo valley; 
Fig, 6 shows the ridge as it appears from the' north. Berkey® has 
described the deposit briefly. 

On the northeast side of the ridge, 220 ft. below the magnetite pros- 
pect in elevation, outcrops of limestone are exposed, one ledge being 
10 ft. thick. On account of the massive character of the rock, no strike . 
and dip measurements on the limestone were possible. It is overlain, 
however, by an augite andesite showing flowage structure under the 
mioroscope, outcropping ledges of which occui^ in such relation to the 
limestone as to lead one to conclude that the strike of the contact of 


* Qiailes P. Bezkey: Log, 65, 
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the two is N 48® W and the dip 52® SW. This makes it appear that a 
S3mcline occurs between the deposits of outcrops No. 4 and No. 5 and 
that the limestone at outcrop No. 5 may be the same bed with which 
the other four deposits are associated. 

A microscopic examination of the limestone reveals a rather fine- 
grained rock composed ohiefiy of an interlocking mosaic of oaloite crystals 
with occasional grams of quartz, augite, and plagioclase distributed 
among them. The latter imdoubtedly represent tuffaceous material 
deposited contemporaneously with the calcareous constituents. About 
170 ft. southeast of the limestone outcrops, sdong the hillside, a promi- 
nent ledge of vesuvianite rock, apparently developed from the lime- 
stone, was notiiied. 

Going in the direction of dip, augite andesite and latite occur between 
the limestone and magnetite outcrops over a belt about 350 ft. wide; 
whether these are extrusive or intrusive sheets could not be determined 
from their field relations. The andesite immediately overlying the 
limestone, in thin section, shows a parallel alignment of its plagioclase 
laths, indicating a fiowage structmre. The wall rocks of the magnetite 
deposit are not exposed. A latite tuff overlies the noagnetite, but it 
was not observed in direct contact with it; this, in tiucn, is succeeded by 
dacites and andesites toward the southwest. The magnetite deposit 
lies miles northeast of the San Lorenzo batholith contact and 
miles southwest of the Luquillo stock. 

Obioik of IVLaoNBTmi Dbpositb 

The magnetite deposits d^cribed are clearly of the ordinary contact 
metamorphic type. In each case, they occur in such relationship to 
the surrounding rooks as to lead to the conclusion that they have been 
formed by the replacement of a nearly pure limestone, a tuffaceous lime- 
stone, or a calcareous tuff, which are the kinds of rocks in which ore- 
bodies of contact metamorphic origin are most frequently enoountere<P 
in other parts of the world. The iron minerals, namely, magnetite and 
specular hematite, are the minerals found in iron-ore deposits of contact 
metamorphic origin elsewhere, magnetite usually predominating as 
in the Porto Rican deposits. Small amounts of sulfides are usually 
encoimtered, in depth, in such deposits and the occurrence of small 
amounts of malachite in the outcrops described indicates that they are 
probably present in the deposits under discussion. The gangue minerals 
(amphibole, biotite, oaloite, chlorite, epidote, garnet, pyroxene, quartz, 
talc, and vesuvianite) are such as are charaoteristic of ore deposits of 
the oontact-metamorphio type. 

A study of the geology of southeastern Porto Rioo leads to the con- 
clusion that the magma, which gave rise to the San Lorenzo quartz 
diorite batholith as well as the Luquillo and other smaller stocks and from 
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which the later intrusives that surround and in some instances penetrate 
the quartz diorite were derived by magmatic differentiation, was also 
responsible for the emanations that formed the magnetite deposits in 
the more calcareous portions of the ‘‘older series” of eastern Porto Rico. 
The proximity of the San Lorenzo batholith and the Luquillo stock as 
well as smaller offshoots to the magnetite deposits indicates that the 
quartz diorite undoubtedly tmderlies them at no great depth. 

The metamorphism produced by the intrusion of the quartz diorite 
into the “older series” was of two khids. In one case, it involved simply 
a recrystaUization of constituents already present in the original rock 
with little change in chemical composition. The heat of the intrusive, 
and possibly the escaping water vapor, as well as the pressure exerted by 
mountain-making movements that accompanied the invading mass, were 
largely responsible for these changes. Hornblende schists were, in 
many instances, developed from andesite tuffs along the contact. In a 
few places, where the intrusive came in contact with shales and sand- 
stone, phyUites and quartzites were formed. The conversion of an 
ordmary limestone into a crystalline one, such as now occurs in the 
vicinity of the magnetite deposits with the obliteration of all traces of 
organic remains, can likewise be attributed to the same cause. 

In the case of the formation of the magnetite deposits and their 
associated silicates, on the other hand, emanations from the magma 
itself introduced large amounts of mineral matter, consisting chiefly 
of iron oxides and silica, which re-acted with and, to a great extent, 
replaced the originsd calcite of the limestone and calcareous tuff with 
which the deposits are associated. The occasional presence of vesuvia- 
nite indicates that fluorine may have been one of the mineralizers, in 
conjunction with water vapor, which aided in this transfer of material. 

The mineralized emanations from the cooling quartz-diorite magma 
rose along fractures through the surrounding rocks, in the near vicinity 
^f the intrusive, imtil they came in contact with the nearby limestones 
and calcareous tuffs, which re-acted with them much more readily than 
the andesites and ordmary tuffs with which they are interbeddod. 
When making an exploration for iron-ore deposits in the area described, 
therefore, the belts cdong which the calcareous portions of the “older 
series” crop out are the ones that should be most thoroughly prospected. 

DISCUSSION 

S. Habbbrt Hamilton, Philadelphia, Pa. (written discussion).— 
Some years ago, the writer made an economic study of the iron ore of 
eastern Porto Bico for clients in the iron business. That the iron ore is 
the result of contact between a basic eruptive and a limestone seemed 
obvious and was confirmed by microscopic studies by Harold Tomlinson 
of Swarthmore, Pa. The writer is surprised that the author does not 
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lay more stress on the development of vesuvianite, so plentiful on 
Carranzana Mountain between Las Piedras and Boqueron (Torres) . He 
does not mention a few copper minerals occasionally foimd at or near the 
contact; these were rare even in our excavations and would probably 
only be foimd by considerable pick and shovel work. 

In regard to fossils, the writer must confirm the author’s statements; 
even in the excavations, no fossils were found. However, near Pefia 
Pobre, a limestone with minute fossils somewhat resembling Palaeocycles 
porvita Lin. as figured by Zittel, page 74, but only about one-eighth inch 
diameter and somewhat more ovate, was found. On this scanty evidence 
the writer considered limestone to be older than the estimate given in the 
paper. The writer was also influenced by Gabb’s report on Santo 
Domingo; of course the supposed coral may have been a large Nummulite. 

The statement about the obscurity of the structure by surface con- 
ditions is only too true. The writer considered the position of the ore- 
bodies, together with the survey made by Mr. Jony and himself, to give 
an interpretation, without too great use of imagination, as follows: 

With an apex west of .luncos and trending eastward toward Naguabo 
was a synclinal fold; this trough was considered to have had an eastward 
pitch. It was composed of limestone and along its margins and in its 
eastern interior it was attacked by basic eruptives. The result was iron 
ore, vesuvianite, and other contact minerals (no evidence of fluorine 
minerals was seen). The solution of the limestone and easily eroded 
minerals has given the large and misleading blocks of iron ore west of 
Juncos. East of J uncos, the two limbs of the syncline are made known by 
Esperanza (No. 1) and La Fe to the north (not mentioned by the author). 
Esperanza shows a north-south fault with a downthrow to the west. 
The valley between Esperanza Mountain and Carranzana Mountain, 
through which the trail from Las Piedras goes to Torres, is a cross-strike 
fault valley. 

The iron ores of eastern Porto Rico, from an economic standpoint at 
least, are not magnetite and the title of the paper is misleading, although 
this is made plain by the reading matter. Economically considered, 
much of the ore is martite or hematite. The rather large samples taken 
by the writer and tested on Grondal type machines ran very high 
iron tails. 

In the field, the erratic distribution of local terrestrial magnetism 
was also marked. For instance, the Esperanza and La Fe prospects on 
the north side of the river from Juncas gave a much poorer magneto- 
metric map, by Tieberg-Thalen methods, than did prospects about 5 
miles farther east. Those prospects, between 4 and 6 of Pig. 1, made very 
poor surface showings but gave regular magnetic showings. 

The commercial possibilities as given do not coincide with the writer’s 
conception. Any commercial development must consider Ensanada 
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Honda as shipping point and the falls of Rio Blanca as a source of power. 
To attempt to take the ore to San Juan for shipment was carefully con- 
sidered in conference with others in Porto Rico at the time, but was 
deemed impractical. Had transportation to the east coast existed and 
American bottoms been available, this iron ore would have been shipped 
years ago. 

The author does not mention the commercial grade of the ore. 
Hxtensive sampling showed the ore to be about the bessemer limit in 
phosphorus, and otherwise to be a desirable iron ore with the exception of 
too hi gh silica. The percentage of silica was in direct proportion to the 
earthy minerals present — ^mostly vesuvianite, garnet, epidote, hornblende 
and quartz. Experiments made on magnetic concentration were not 
satisfactory as so much of the iron was not magnetite. Magnetic cobbers 
would do little good on the intimately mixed minerals, and fine giinding 
with treatment on Grondal type machines gave high iron tails. No 
gravity treatment of tails from the Grondal or other magnetic machines 
were attempted, but a James capacity roughmg table followed by a 
jig ftlasai-fier might have made the milling problem look more practical. 

Taking into consideration all the possible iron ore in eastern Porto 
Rico, perhaps 6,000,000 tons is an outside estimate of the tonnago in 
these orebodies. This would have to be cut to one-third', if only the 
possible commercial ore were considered and this 2,000,000 tons would 
include some ores rather widely scattered that would only be taken 
incidentally to a major mining industry. The known erratic nature of 
contact iron orebodies makes any close estimate of tonnage absurd . The 
other question, always uncertain in orebodies of this character that have 
not been hi^y devdoped, is the commercial grade of the ore. The talus 
blocks are quite misleading and the admbcture of rocky minerals reduces 
ihe percfflitage much more as the effect of weathering is eliminated. 

A. K. Reicebkbocebb, Virginia, Minn, (written discussion). — In 
June, 1923, the writer spent ten days examiniag the magnetite occuis 
rences described as Nos, 1 and 4 and made a hasty visit to No. 2, with a 
view to their exploitation. Deposit No. 2 did not appeal to bim as a 
mdnable proposition. The magnetite is mixed with gangue 
garnet predominating, to a considerable extent. All assays extant 
showed this to occur to wch an extent that the ore would be unmer- 
chantable from the standpoint of its sUica content. 

Deposit No. 4 is accurately described and at first sight is rather 
impressive. The outcrop is prominent and attains a considerable width. 
To the northeast, the float ore literally covers the surface in blocks of 
very high grade and pure magnetite of aU sizes up to 6 ft, and 8 ft. in 
the long dimension. A day with the dip needle was disappointing. 
The body is of small lateral extent, being apparently, a stock or a short 
bulge in an otherwise narrow arid unworkable vein. The deposit is also 
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rather inaccessible and undoubtedly has no economic value at the 
present time. 

Deposit No. 1 was under option to a concern in 1906 or 1907, and the 
orebody, particularly the west quarter of it, has been explored to some 
extent. The orebody is more or less continuous for about 1800 ft., and 
has the characteristics of a vein, as it narrows and widens along its length 
and in places is nearly or entirely absent. A detailed investigation of 
the wesit 530 ft. of the orebody was made, the work consisting of cleaning 
out and reopening the 32 old pits, open cuts, shafts, and tunnels on that 
part of the property, and examining and sampling them. There are 
six tunnels driven into or through the vein; two of these tuimels we drove 
ahead a few feet to yield some necessary information. The lowest 
tunnel cuts the body about 75 ft. below the apex, most of the work having 
been done on top of the outcrop or short distances below it. A detailed 
dip needle survey of this area was also made. The deposit is in a long, 
narrow ridge rising about 300 ft. above the surroimding country. The 
magnetite outcrop forms the backbone of the ridge. 

On the west 530 ft. of the body, the width varies from 12 ft. to 62 ft., 
the dip from 40° to 65° to the northeast, and the strike is constant at 
N 60° W. The average width of the orebody over the distance mentioned 
is 36 ft. The writer estimated 165,000 tons of ore proved on the length 
of 530 ft., taking 430 ft. of this distance to a depth of 75 ft., and the 
balance to a depth of 50 ft. 

Analyses of carefully taken samples from the opening through the 
body showed: 


No. 

Ib017, 

Pbb CiBsrv, 

SmoA, 

Pub Cxnt. 

Phosphobub, 

PbbObitt. 

SlTLFUB, 
PXB OOITT. 

1 

66.80 

4.45 

0.065 

0.034 

2 

64.40 

6.40 

0.068 

0.007 

3 

66.60 

4.50 

0 065 

0.027 

4 

66.40 

4.30 

0.068 

0.028 

6 

63.10 

6.45 

0.062 

0.030 


The magnetite is everywhere high-grade where opened up in the area 
investigated in detail. As shown, sulfiur analyses are low and no evidences 
of the removal of pyrites could be noticed in the orebody proper, though 
toward the east end of the 630 ft., in what appeared to be a separate lezxs 
of gametiferous magnetite of low iron tenor, lying south of the main 
body, several stains of copper were seen over a distance approximating 
100 feet. 

The author mentions Fajardo Flaya and San Juan as two possible 
ports of export. There is a well-constructed 1-meter railroad running 
from Humacao Flaya on good grades through Humacao and Fio Fiedras 
and west to a point near Junoos, where it connects with the railroad 
owned by the Central Juncos; this railroad is owned by Senor Antonio 
Boig, of Humacao. It runs along the southern foot of thejridge con- 

VOIi, ftOOL'— 60 
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taining orebody No. 1 and as the owner is desirous of increasing the 
tonnage of his road would make an attractive rate. The down-grade 
haul from the west end of the property to the port of Humacao is 11 
miles. The transportation problem is thus a relatively easy one. The 
port win accommodate vessels of 26 ft. draft. 

The dip-needle work tended to indicate, what has been deduced by 
the authors from geological inferences, that the orebody does not extend, 
in all likelihood, for a great depth. The deposit is one of interest and 
presents the possibility of the development of 1,000,000 to 3,000,000 
tons of ore, of good merchantable grade. The property undoubtedly 
offers encouragement for drilling at some future time, both to determine 
the width and extent of the body at depth, and the sulfur content below 
the leached zone. 

Chas. R. Fettkb (author’s reply to discussion). — ^The author did 
not feel warranted in making any estimates of tonnages available based 
on observations on the outcrops alone and is particularly interested to 
see the estimates arrived at by Messrs. Hamilton and Knickerbocker, 
who had an opportunity to do some exploratory work. The two esti- 
mates, arrived at independently, are practically in accordance and are 
about what the author would have made if he had hazarded a guess. 

The ores examined by the author did not contain vesuvianite as an 
abundant gangue mineral, as did those examined by Mr. Hamilton. 
Some of the massive andradite garnet, which in thin section shows 
birefrii^ence and is optically negative, was at first mistaken for vesu- 
vianite, but index of rrfraction determinations revealed its true character. 
The author realizes that secular hematite is an important constituent of 
the ore but believes that it is second in importance to the magnetite, 
which predominates in most instances. 
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South Lorrain Silver District, Ontario 

By J. Mackintosh Bell, M.A., Ph.D., Toronto, Ont. 

(Canadian Meeting, August, 1928) 

In the numerous districts subsidiary to Cobalt, and carrying mineral 
deposits similar in character to that world-famous mining camp, the most 
interesting recent developments have occurred in South Lorrain. The 
district, the center of which lies about 16 miles southeast of Cobalt, 
was the scene of a rush in 1907 but, in spite of the success of the Wett- 
lauffer mine, the locality soon lost its popularity, largely on account of the 
unsavory early history of the Keeley mine. In recent years, following 
the successful development of this property by the London operators, who 
acquired it from the liquidator of the original company, and the later 
conspicuous progress made on the properties of the Mining Corporation 
contiguous to the, Keeley on the north, the district has again come into 
prominence and, at present, is doing much toward maintaining the 
gradually declining production of Cobalt itself. 

Apart from the Mining Corporation of Canada and the Keeley Silver 
Mines Limited, the principal concerns now operating in South Lorrain 
are the Lorrain Consolidated, the Trout Lake Mines (operated by English 
interests associated with the Mining Corporation) and the Canadian 
Lorrain Silver Mines (operated by the Huronian Belt Co., of London). 
A number of minor prospects are also active. The Wettlaufer and Currie, 
on both of which considerable work was done some years ago, are 
now closed. 


Topoqbapht and Qbnbbal GnoLoar 

The topography of the South Lorrain area is rather more rugged than 
that of the vicinity of Cobalt, but the local relief, relatively speaking, is 
not great. Numerous lakes and streams lend a certain picturesqueness 
to a landscape, which is not entirely marred by the absence, from the valleys 
and hillsides, of the splendid bush that formerly clothed them but which 
has been swept away by forest fires. 

The geology of the locality is simple, in a lithological sense, but rather 
complicated structmrally. The oldest rocks are Keewatin greenstones 
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above which follow, in the order named, lamprophyre dikes, Lorrain 
granite, the Cobalt series (conglomerates, slates, and quartzites), and 
Nipissing diabase. A few acidic dikes are found, which are probably later 
than the diabase. Kocks of the Temiskaming series, consisting of con- 
glomerates and other fragmentals, which imconformably overlie the 
Keewatin near Cobalt, are absent in South Lorrain, nor are there any 
exposures of Silurian strata, such as are common on the islands of Lake 
Temiskaming and elsewhere farther north. 

Geological Sequence or the Cobalt District 

Pleiatocezie: Glacial cla 3 rs, sands, etc. 

Paleozoic: Niagara limestone. 

Pre-Cambrian: 

Later dikes (both basic and acidic). 

Nipissing diabase (intrusive contact). 

Cobalt series (conglomerates, slates, quartzites). 

Unconformity 

Lorrain granite (intrusive contact). 

Lamprophyre dikes (intrusive contact). 

Temiskaming series (conglomerates and grasrwackes). 

Keewatin: Complex of schists of various types, ironstones, etc. 

At Cobalt, the sflver-bearing veins occur in Keewatin rooks, in those 
of the Cobalt series, and in diabase, though more than 90 per cent, of the 
production has come from one formation — ^the Cobalt conglomerate 
(Cobalt series).^ In South Lorrain, the production, up to the present, 
has been entirely either from the Keewatin greenstone (and associated 
lamprophyre dikes) or from the Nipissing diabase. 

The Nipissing diabase, ia South Lorrain, occurs in the form of a wide 
sill that, after being folded into a broad dome, was subjected to pronounced 
faulting and long-continued erosion. Today, the center of the formerly 
continuous dome is mainly a valley underlain by rocks of the Cobalt 
series and occupied by numerous small lakes, the largest of which are 
Loon and Oxbow. Along the outer slopes of the dome, Keewatin rooks 
are conspicuous; these, in turn, are generally overlain by rocks of the 
Cobalt series. Silver ores in appreciable quantity have been found in two 
localities only, namely along the western slope, where are situated the 
Keeley and the properties of the Mining Corporation, and along the 
northeastern slope, where the Canadian Lorrain silver mine is situated. 
The latter area is unimportant and, for the purpose of this paper, only 
the area adjacent to the Keeley and the properties of the Mining Corpora- 
tion need be considered. 

It is not proposed to give a detailed petrological description of the rocks 
directly associate d with the silver veins- They do not differ materially 

‘ W. L. Wliitehead: The Veins of Cobalt, Ontario. Barn, Oeol (1920) 16, 128, 
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from simila . r rocks at Cobalt, which have been frequently described.^ 
The greenstone is ordinarily of fine texture and so metamorphosed that 
its original character is difficult to identify. A petrographical range 
from andesite to basalt is suggested. A coarser greenstone, probably an 
altered diabase, is conspicuous in places and elsewhere amphibolites 
are found. 



Fig. 1. — SxDTOH map op Soute Lobiuie, bhowhtq gdoiiOGt and pbihoxpaii olaiub. 

The lamprophyre dikes, which ramify in all directions through the 
Kecwatin greenstones, are, in places in proximity to the veins, difficult to 
distinguish from the later Nipissing ffiabase; but, ordinarily, the con- 
siderable shearing of the lamprophyre, together with large flakes of an 
altered mioa and of chlorite therein, serve to differentiate the two. 

The strike of the contact between the diabase sill and the intruded 
Keewatin greenstone near the Keeley is approximatdy north and south, 

* W. Q. Miller: Report of Bureau of Mines, Ontario, 19, 46; A Q. Burrows: 

South Lonain S&ver Area. Report of Bureau of Mines, Ontario, 19, II, 134. 
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and the dip westerly at angles var3diig from. 10“ to 30“. The depth, 
below the surface, of the diabase beneath the Keewatin, westerly of the 
contact, however, does not conform to these angles; it is complicated by a 
variety of major north and south reverse faults and by others of lesser 
importance, transverse to the major features, and by minor rolls. 

Character op the Veins 

The silver-bearing veins of South Lorrain resemble so closely those of 
Cobalt (which have been frequently described*) in most particulars that 
it will be advisable to emphasize the differences rather than reiterate 
characteristics that are well known and common to both localities. 



As at Cobalt, the principal metallic minerals occurring in the veins are 
cobaltite, chloanthite, smaltile, niccolLte, pyrite, marcasite, mispickel, 
chalcopyrite, native silver, argentite, ruby silver in various forms, and 
native bismuth. Galena and sphalerite, which are comparatively rare 
in Cobalt, are relatively common in some of the veins in South Lorrain; 
coveUite, stromeyeiite and dyscrasite are comparatively uncommon. 

Much of the vein material is composed of altered country rock, which 
is more or less replaced by carbonates (chiefly caldte with some dolomite) 
and quartz, or by the metalUc minerals previously indicated. Other 
non-metaJlic minerals found in the vein s are apatite, tremolite, and biotite. 

’ W. G. MOler; Loe. cU., 6. 

Qyiil W. Enight: Cobalt, Its Past and Pature. Bng. & liin. JtiL (1922) 

761 . 

Edson J. Bastin: Ecm. Gedl. (1917) 12, 219. 

Alfred R. Whitman: Umveraity of California Fablioations. Gaol. 8<A., 18, 268. 

W. L. Whitehead: Loe. eit. 
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While impregnation of the adjoining country is found 5 or 6 ft. from 
the vein proper, this favorable feature is less conspicuous in South 
Lorrain than at Cobalt, and the veins are essentially narrow, generally 
varying from a few inches to a few feet in width. However, some of the 
principal veins do not always occupy a sin^e fracture, but commonly 
a fractured zone, which may be 10 ft. in width, contains a number of 
parallel deposits. 

The length of some of the veins of South Lorrain is remarkable. 
Wood’s vein, which may be described as the mother lode of the western, 
or what is now the only productive, part of the locality, has been traced 
from the Trout Lake groimd right across the Keeley and apparently 
as far north as the Fomeri claim of the Mining Corporation; or a distance 
of over a mile in a north-and-south direction. The pronounced fault 
that it occupies resembles the Cobalt Lake fault, in being the controlling 
factor in influencing the distribution of the veins, but it differs therefrom 
in the remarkable strength and richness of the vein material and in the 
much smaller quantity of gouge. 

Parallel to Wood’s vein occur a number of other “north and south’’ 
veins, and subsidiary to it are such important producers as the No. 16, 
No. 20, and No, 26, on the Keeley, and the “Watson,” on the property 
of the Mining Corporation, which fork from the parent deposit in various 
directions. The Wettlauffer vein, on the property of the same name, 
which for a time was such a heavy producer, is apparently connected 
with a fault zone lying to the east of those conspicuous on the Keeley 
and Mining Corporation properties. 

The fact that the principal vems in South Lorrain occupy pronounced 
faults, rather than mere fractures as at Cobalt, forms an important point 
of difference between the two localities. Another interesting feature, 
which is in contrast with conditions at Cobalt, is the relatively deep- 
seated oxidation in South Lorrain, especially in the Keeley. While most 
of the Keeley veins show only superficial oxidation. No. 1, No. 2 and No. 
4 veins in the northern part of the property are slightly oxidized to a 
depth of over 100 ft., and the southern part of Wood's vein and the 
strong deposit, No. 20, branching therefrom, show marked oxidation to 
the deepest level at present developed, namely 480 ft. Not only are 
Wood’s vein and No. 20 oxidized, but the alteration extends into the foot 
walls of each, and into various small stringers branching from their 
hanging walls. The oxidation at the deepest horizon yet reached does 
not consist merely in the change of iron sulfides to oxides, or of the removal 
in places of all the carbonates and of the cobalt- and nickel-bearing 
minerals, but in the complete alteration to a clay-like material, in which 
the only metallic minerals are native silver (generally in wire form) and 
argentite. It is noteworthy that where the oxidation is complete, that 
is where ferric rather than ferrous conditions are conspicuous, even the 
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silver miiierals are absent. In the upper levels of this southern part of 
the Keeley mine, the alteration is naturally more intense than at deeper 
horizons, and for relatively long distances the vein material consists of 
what can best be described as a red and yellow clay, with metalhc min erals 
present only where lenses of ferrous material occur. 

It would seem unreasonable to suppose that such deep-seated oxidation 
can aU be post-gjacial,* especially as the surface depression, which occupies 
the outcrop of Wood’s vein, is relatively deeply filled with boulder clay. 
Rather it would appear more natural to consider that the oxidation ante- 
dated the period and that the greater depth to which it extends in 

the southern than in the northern part of the Keeley is probably to be 
connected with the position of the water level in a pre-glacial topography, 
the nature of which is not now clear. It seems possible that glacial 
denudation was not as great in Cobalt as in portions of South Lorrain 
and that in the southern, and particularly narrow, part of the depression 
occupied by Wood’s vein, protection against corrosion was given by the 
walls of greenstone on either side, especially after the depression had been 
filled with debris with the initial advance of the ice. 

The Obrshoots 

In both of the producing properties in South Lorrain, numerous 
oreshoots have been discovered varying in length from a few feet to more 
than 100 ft. On the Keeley, there are several shoots of mixed milling 
and hi^-grade ore over 200 ft. in length, averaging over 200 oz. across 3 
or 4 ft., and one oreshoot (F-D) attains at one horizon a length of 400 ft. 

While these oreshoots are ordinarily shorter than they are at Cobalt, 
what they lose in length they make up in width and richness. For 
example, at one point in the Birthday bonanza of No. 26 vein of the Keeley, 
massive ore, consisting of cobaltite or smaltite and native silver, reached 
a width of 5 ft. of material running more than 7000 oz. to the ton. This 
remarkable bonanza has not yet been stoped, and it is thus impossible to 
say how much silver it will contain; but an idea of the extent and richness 
can be gathered from the fact that from the drift at which it was developed 
on the 480-ft. level, no less than 350,000 oz. were taken from its length of 
approximately 75 ft. A wonderful shoot of ore has been partly mined on 
Wood’s vrin on the Crompton daim of the Mining Corporation, and 
already, from a length of less than 100 ft. and an extension along the ^p of 
less than 100 ft. over 1,000,000 oz. have been drawn. 

The oreshoots in South Lorrain seem, too, to have a greater vertical 
range than those of Cobalt. The D shoot of Wood’s vein on the Keeley 
has been traced and partly mined from the surface downward to a vertical 

* HMuy H. Enox: Bern. Geol (1922) IT, 666, • J. B. Tyrrell: Boon. Oeol. (1928) 18, 
296. 
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depth of over 450 ft. or an extension along the dip (which averages about 
60° easterly) of about 650 ft. The oreshoot above 400 ft. (vertical) is 
entirely in greenstone; and from that point to 460 ft., the foot wall is 
greenstone and the hanging wall diabase. 

Certain generalities that govern the position of .the oreshoots in South 
Lorrain, as also, within limitations, those at Cobalt, may be enumerated: 



Fio. Face ox Bebthdat Bonanza. 


1. Generally speaking the richest and most persistent oreshoots occur 
at’^or near the diabase-Eeewatin contact, either within the diabase or 
within the Eeewatin; the immediate contact is commonly barren or of 
low grade. 

2 . Thejunction of one vein with another, even a considerable distance 
from the contact, affects the values, either in one vein or the other, or in 
both. If the veins Sfe valneless before joining, an oreshoot of greater or 
less length is commonly made in the united vein. 
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3. The values ■within a sufficient distance of the contact, even in the 
smaller veins, are likely to improve when the deposit occurs in a well- 
fractured zone, ■with cracking developed parallel to its strike. 

4. Oreshoots are frequently localized on a main vein between the 
points of departure of two minor branching veins, or between the points 
of crossing of two zones of fracturing. 



Ko. 4. — ^Faot 01 ' JowssT Bonanza. 


5. When the oreshoots are m Keewatin rooks, the most favorable rock 
is an extremely dense, fissile, w’ell-frac^tured greenstone. Lamprophyre is 
generally less favorable, though some of the richest ore is found in fault 
planes where greenstone occupies one wall and lamprophyre the other. 

6. Grenerally speaking, the ■veins are more likely to carry ore where the 
dip of the vein is steep (upwards of 70®) than where it is flat. Wood's 



J. MACKINTOSH BSIiL 


1051 


vein, however, carries large amounts of ore when the dip is as low as 60“ 
or even less. 

7. It is noteworthy that where the dip of a vein varies from the verti- 
cal in both directions, one inclination may be productive and the other not. 

The origin of the veins of South Lorrain, with their rich oreshoots, is 
similar to that of Cobalt, where the question has received much attention 
from various authorities.® The writer has given his opinions in this 
connection elsewhere* and considers it unneccessary here to do more than 
repeat his conviction that while the greater part of the ore is primary 
and due to hypogene agencies, there has been, in places, material enrich- 
ment by descending solutions that derived their silver content from the 
now impoverished portions of the oxidized zones. 

Mining and Mbtallubgical Pbactice 

The mining methods and metallurgical practice in South Lorrain 
present little or no variation from those in vogue at Cobalt and, conse- 
quently, need not be discussed here. Both the Keeley and its neighbor 
to the north have small but adequate mining plants. The mining 
corporation has, as yet, no mill; the lower grade milling ore is stacked 
or left in the mine, while the high-grade and richer milling ore is sent to 
the company’s plant at Cobalt for treatment. 

The Keeley has a simple, but effective, milling plant, which is being 
increased from 70 to 140 tons. After coarse primary crushing, the oversize 
is passed over a picking belt, for removal of the high-grade ore. A 
secondary crushing follows, and then further comminution either by 
stamps or ball-mill, or both, depending on the nature of the material 
treated. Subsequent treatment is by concentration on various tables of 
Wilfley or James type, with final clcanmg in an oil-fiotation imit. 

Considerable difficulty has been experienced in treating the oxidized 
ore; but it is hoped the troubles in this connection wiU, to a large extent, 
be overcome by minor changes now being made in the plant. Generally 
speaking, the percentage of extraction increases in direct proportion with 
the grade of ore treated; it averages about 90 per cent. 

PnODUCTION 

Up to July, 1023, South Lorrain had produced approximately 6,500,000 
oz. of silver, distributed, roughly as follows: 


OuwoBd 

Wettlauffer 3,000,000 

Keeley 2,000,000 

MiniDig Corporation 1,600,000 


* See previous references and also A. K Whitman; Diffusion in Vein Genesis at 
Oobfllt. Econ. Oeol (1920) 16, 188. 

* J. Mackintosh Bell: Bvtt, Inst, of Min. and Metal. (February, 1922). 




1052 


SOTJTH LOKSADT SILVEB DISTBICfT, ONTAEIO 


DISCUSSION 

E. T. McCaktht, London, England (written discussion). — On page 
1049, the author s&ys “Certain generalities govern the position of the 
oreshoots in South Lorrain, as also, within limitati6ns, those at Cobalt 
naay be enumerated.” He sums these up in seven paragraphs, and with 
all of these statements I agree; but regarding the theory of the origin of 
their deposition he refers to various authors and to his own opinion given 
elsewhere. My opinion, so far as the upper oxidized parts of the mine 
referred to in the paper are concerned, is in conformity with the author’s; 
but when we come to the primary ore, we know little in regard to its 
position in the mine. Much has been written on ore magmas, notably 
J. E. Spurt’s two recent volumes, but no one seems to offer a reasorxable 
solution of the question of ore “position” in veins. "Why, for example, 
should we get the richest silver ore near the contact of the diabase with 
the Keewatin; or on a main vein between two points of departure of two 
minor branching veins; or, yet again, affected by the dip of the vein? 
Numerous explanations are offered but until we know something more 
about the conditions under which ore magmas exist under great pressure 
and at different temperatures, and also how they may be affected by 
electric currents, it looks as though we had reached a point where we are 
at a standstill, or nearly so . Meantime, such observations and recording 
of facts as are given in this paper are invaluable in adding to our knowl- 
edge of ore deposits. Although we noay not know the whole of the 
conditions governing the deposition of ore, in the case of this silver field 
the author has demonstrated that Tnining geology has now advanced to a 
degree where fairly safe deductions can be made and acted upon. 
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Recent Exploration for Petroleum in the United Kingdom 

Bt E. L. Icebb, Zblzab, Calie. 

(Tulsa Moetiu£, October, 1928) 

Dubing the summer and winter of 1918 eleven standard rigs were 
erected in the United Kingdom to test the petroleum prospects of ten 
structures, eight of which were in England and two in Scotland. By 
the fall of 1921 ten of the wells were completed; the remaining one, the 
D'Arcy in Scotland, was stopped some months later. The tests were 
deep ones, five of the wells being 4000 ft. or more, the rest varying in 
depth between 1810 and 3918 ft. The total footage drilled was 40,047 ft. 
The holes were put down with standard or cable tools purchased in the 
United States (except the boilers). The larger sizes of casing, 10-in. 
and above, were also from America, while the smaller sizes were secured 
in Scotland. 

The Hardstoft well in En^and found a small production of high- 
grade oil and the D’Arcy well also encountered what is reported as a 
favorable showing at a depth of 1810 ft. The Werrington and West 
Caldor wells had to bo abandoned on account of drilling difficulties. 
The Apodalo well encountered great thicknesses of ash in the Carboni- 
ferous and had to be abandoned on account of depth. The results might 
be summarized by saying that of the ten structures drilled upon, two 
yielded encouraging showings; three cannot be considered as having been 
adequately tested; and five 'produced dry holes, although in some of 
these small oil showings and gas were met. 

The total cost of the work amounted to about half a million pounds 
sterling, which sum includes the cost of all equipment, subsequently 
sold by the government. The work, under the superintendence of V. L. 
Conaghan, took place for the most part in the period immediately 
following the war — a period of high prices, labor and transportation 
difficulties, and unsettled conditions generally; factors tending to retard 
the work and affect the costs. 

The writer, as a member of the staff of S. Pearson & Son, Ltd., had 
charge of the administration of the work during its later stages and 
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therefore had recourse to the various details of operation. In this 
account he regrets being unable to enter as fully into a geological discus- 
sion as might be desirable, due to inability to consult the required 
references and notes. 

Ihiring continuance of the drilling, progress reports were issued by 
H. M. Petroleum Department, and some accounts have appeared in 
publications of H. M. Geological Survey. The chief paper so far dealing 
with the subject is by Veatch,^ and the present paper will in a measure 
supplement that. 

The drilling campaign was imdertaken as a war measure, for in 1917 
the oil shortage for war purposes became so acute, because of the activity 
of the German submarines, that it was imperative to ascertain as soon 
as possible the value of home oil prospects. The firm of S. Pearson & 
Son had been looking into the oil question for some time and was at this 
period intending to drill several test wells. In the summer of 1917, the 
Government, on accoimt of the firm’s knowledge of the oil business and 
the information it had collected on British oil, approached Lord Cowdray, 
the head of the firm, with a view to immediate drilling as a war measure, 
and proposed taking up the work itself if Lord Cowdray was not prepared 
to do so. At this time the British Government was spending nearly 
eight million pounds sterling daily in the prosecution of the war, in com- 
parison to which the cost of a few test weUs would be small while the 
results, if successful, would be of the greatest value to the nation. Accord- 
in^y, Pearsons were made agents and given the supervision and direction 
of the work (the services being without compensation), and men and 
machinery were ordered in America. For drilling purposes, it was neces- 
sary to take the sites under Defense of the Eealm Acts, which were war 
regulations of a temporary nature. The wells were scattered, to try out 
various conditions. Most of the wells wore not going irntU shortly after 
the Armistice, and the ending of the war altered the plan of drilling cam- 
paign. The results achieved justified the undertaking and expenditure 
incurred. Oil was proved; and although it was not possible to extend and 
develop the findin gs brou^t forth by the drilling, on account of the 
limitations under which the work was done, the tests were of a com- 
prehensive nature and will afford a valuable guide in future prospect- 
ing. In a country like Great Britain, with its large population, excellent 
transportation, ready oil market, mild climate, and other facilities, a 
small well is more apt to be a commercial proposition than a 
well in other countries. What might be considered as unfavorable 
aspects from the wildcatter’s standpoint are the difficulties in the way of 
securing land readily and the obstacles liable to be encountered from the 


* A. C. Yeatoh: Petroleum Resouicee of Great Britain. Tram. (1921) 68, 7. 
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miniTig interests, who would not view any too kindly the location of a 
well near a mine workings. 

Genebal Geological Fbatubes 

The English weUs were located in the Midlands, an important indus- 
trial region occupsdng the heart of England about 125 miles northwest 
of London. In point of superficial distribution and structure, England 
may be divided into two parts; the flat-dipping Mesozoic and Tertiary 
rocks covering the eastern, southeastern, and southern portions of 
the country and the outcrops of Carboniferous and older rocks, which 
form the western and northern portions. The older areas show more 
deformation and usually give rise to a more rugged topography. Belts 
of Mesozoic also occur in the older rocks and a notable depression filled 
with the younger formations crosses the country, in a northwesterly 
direction, through the south Midlands, Cheshire and Liverpool, and 
separates the older rocks of Wales from those of central England. 

As would be expected, the two groups are separated by a marked 
unconformity. Borings starting in the Mesozoic, on reaching the Paleo- 
zoic floor beneath, sometimes encounter Carboniferous, as in the case 
that led to the discovery of the concealed Kent coal field southeast of 
London; or the drill may strike Devonian, Silurian, or other formations, 
which make up the floor upon which the younger rocks are resting. 

The outcropping rocks of tho north of England are moderately 
deformed Carboniferous. Along the Scottish border, these are inter- 
rupted by a wide bolt of highly folded Silurian with a northeasterly trend; 
beyond this belt in central Scotland, the Carboniferous reappears in an 
isolated basin in the vicinity of Glasgow and Edinburgh. On account 
of this interruption in their continuity, there is some difficulty in correlat- 
ing the Carboniferous members of the two countries. 

All the borings started, and presumably ended, in the Carbonifer- 
ous. Those in En^and were in two groups: one on the east side of the 
Pennines in Derbyshire, the other on the west side in North Stafford- 
shire. The Scottish wells were located in the Carboniferous basin 
near Edinburgh. 

The Pennine Chain is sometimes referred to as the "backbone” 
of England. It starts north of Derby, coincident with the appearance 
of the Carboniferous, and continues north through the mid-portion 
of the country to the borders of Scotland as a series of hills and tabHands 
rarely attaining an elevation over 2000 feet. 

Inoioatzons 07 Petboleum 

Oil manifestations of various tsrpes can be said to be of general 
occurrence in certain districts of the United Kingdom. They range in 
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character from veinlets and fragments of bitumen and wax through out- 
cropping oil sands to actual seepages. At some place or other, practically 
every formation from the pre-Cambrian to the Cretaceous can be found 
to contain one or more of these types. A characteristic of most of the 
6uid varieties from the Paleozoic is the high wax content, causing the oil 
to set at ordinary temperatures. Many occurrences have been dis- 
covered in coal and lead mining operations, from early times; most of 
the indications have been found associated with the Carboniferous 
and most of these are located in the Midlands and Scotland. We will 
begin the description of some of the occurrences with Derbyshire. 

At Biddings colliery, situated on the crest of the fold tested by 
Ironville well No. 1, oil was found in the Kilburn coal workings of the 
lower coal measures. For several years, about 1850, James Young 
utilized this oil and separated such fractions as kerosene, lubricating oil, 
and wax. On the exhaustion of the supply, either through abandonment 
of the workings or cessation of the seepage. Young, believing the oil was 
derived from coal, experimented with Scotch torbanite, which gave 
somewhat analogous products on distillation, and transferred his opera- 
tions to Scotland and founded the oil-shale industry. It appears from an 
account by Marshall® that oil was found in the same mine and used 
locally about 20 years later but whether it was the same locality as that 
used by Young is not clear. The yield at this time was about two barrels 
per day for two years and near an important fault crossing the fold. 
Stokes* speaking of the same mine says that in some years 100 tons were 
obtained and sold for £7 : 10: 0 per ton, or about $5 per barrel- Another 
well-known seepage was located in the workings of Clowne colliery a 
few miles east of the Renishaw well. Here in a smashed zone between 
two faults in the Top Hard coal horizon of the productive coal measures 
seepages were found over an acre or so in area, the yield being reported as 
high as 14 bbl. per day at one time. Just north of the Derbyshire line, 
at Manvers Main colliery, a few miles northeast of Sheffield and situated 
on a broad anticlinal nose, large seepages were encoimtered some decades 
ago. According to Cohen and Pinn,^ the oil came from the roof of the 
Parkgate seam of the productive coal measures and for days the yield was 
100 bbl. per day of oil. Oil is reported from other collieries on this side 
of the Pennines, usually with faults. In the concealed coal field to the 
east, where the coal measures of Derbysljire dip under cover of the 
Mesozoic, a 13-ft. oil sand was found in the Kelham boring in the MiU- 

* R. A. Marshall: Mineral Oil as Found at the Deep Main Pits^ Hiddings, Derby- 
shire. Tram. N. Staff. Inst. Min. Eng. (1879) 1, 126. 

» A. H. Stokes: Economic Geology of Derbyshire. Tram. Chesterfield Inst. Eng. 
(1878) 6. 

J. B. Cohen and C. P. Finn: Paraffines from a Yorkshire Coal Seam. JnZ. 
Soo. Chem. Ind. (1912) 31, 12. 
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stone Grits, and a 10-ft. sand at the Retford boring in the coal measures, 
while prospecting for coal with the diamond drill. These oils were of the 
same character and were under sufficient pressure to force small amoimts 
to the surface against both 3000-ft. water columns. 

The upper part of the Mountain Limestone adjoining the west side 
of the Derbyshire coal field was at one time actively mined for lead 
and spar; in some of the workings pockets of oil were found, and in the 
overlying Limestone Shales enough gas to cause fatal explosions. Short® 
two centuries ago writing of the Hucklow Edge lead vein says that the 
vein for several miles was overlaid by a bed of boulder stones each 
yielding from }4 piiit to 1 gal. of soft bitumen like Barbadoes tar, and 
that there were springs of oil in the mines which on catching fire would 
burn for days at a time. Pilkington® and Farey,^ writing a century later 
of the mines in the same region, mention how the miners would burn the 
oil in their lamps and how the oil, covering the water in the mines and 
catching fire, would burn for some time and give rise to “ burning springs.” 

Nor is surface evidence wanting that oil may have occurred in the 
upper limestone. The writer has seen more abundant evidence in the 
Umestone of Derbyshire than in the Tamasopa limestone outcrops of 
Mexico. On the crest of the Crich dome, 6 miles west of the Ironville 
wells. Fig. 1, oil can be found filling vugs in the limestone. In the top 
of the limestone at Castleton, west of the Ridgeway well, is a large patch 
or seepage of elaterite and, in the same vicinity, gash veinlets filled with 
hard and soft bitumen and wax and cavities with oil can be found, 
especially around the ancient Odin lead mine, which has been worked 
from time to time since the days of the Saxons. Oil in this mine has been 
mentioned by various writers. Without reference to the other occur- 
rences on the east flank of the Pennines, we will mention a different type 
at Burton, 12 miles south of the town of Derby. A road cutting here 
exposes about 30 ft. of flat Triassic sandstone, a good deal of which 
has a chocolate color due to oil and yields, by solvents, 2^ per cent, of 
petroleum, having the characteristics of Carboniferous oil. This horizon 
is traceable on the surface for 1^ mUes, and may at one time have been a 
well charged pool, derived through faults from the Carboniferous lying 
a few hundred feet below. 

On the west side of the Pennines, in Staffordshire, at the Meir Hay 
colliery, well down on the flanks of the fold upon which the Werrington 
well was located, sufficient seepage oil was obtained to justify the erection 


• Dr. T. Short; "The Natural Esperimental and Medicinal Biato^^of the Mineral 
Waters of Derbyshire, ZJnoolnshire and Yorkshire.” London, 1734.' 

• J. Pilkington: “A View of the Present State of Derbyshire.” London, 1789. 

' J. A Farey: “General View of the Agriculture and Minerals of Derbyshire.” 
London, 1811. 

▼01. uofc—cr 
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FIQ. 1.— GbOWGJCAI. map op FOBnOK OP MlDliANDS Op£^GI.AKD; OBOLOQICAI, BOimDAllIBS ABB TAKEN PBOM GbOI^QI- 
CAIi BURVBY maps; FOIiDS ARB FOR MOST PART BASED OX MIXING AND OTHER SOTTRCES. 
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of a small refinery in 1874. The owner, a Mr. Walker®, secured some 
6 bbl. per day for a year or two when the pits were closed down, after 
which he secured a Uke amount for a year or two from an adjoining 
colliery. The oil contained 15 per cent, of wax and yielded a good grade 
of kerosene. On the west side of this coal field, small oil seeps are found 
in the coal workings on the east and south flanks of the fold drilled by 
the Apedale well. Samples collected during the work were charged 
with wax and were chemically similar to the limestone oils. A seepage 
from the Fair Lady pit, described by Peasegood,® and adjoining an 
overthrust fault, had a gravity of 37° B6. and carried 4 per cent, gasolene, 
9 per cent, kerosene, and 5 per cent. wax. 

In the worked-out Coalbrookdale coal field, 30 miles southwest of 
the North Staffordshire area and close to the border of Wales, the coal 
measures and lower Carboniferous are thin, moderately flexed but 
considerably faulted. This district is noteworthy in the large amount of 
seepage material in evidence, as well as the written accoxmts dealing with 
the oil found in the past. Half a mile east of the village of Coalbrook- 
dale, at a quarry called Oil House Coppice, is exposed a tar sand over 15 
ft. thick oozing black oil and traceable a mile on the surface, the horizon 
being at the base of the coal measures. Under Coalport postoffice, in 
the same field, is an old mine level the walls of which are coated with thick 
oil and tar for a few hundred feet. A century ago, this seepage supplied 
oil for a remedy known as “Bettons British Oil,” and in 1865 Mr. Holmes, 
an American, tried to lease the land for drilling purposes from Lord 
Forrester. Beferring to a seepage a few miles to the east, where the 
sandstone stiU shows a little oil, Prestwich,“ writing some hundred years 
ago, says “In a pit at the top of the same dingle petroleum exudes in so 
great abundance . . . that the colliers were obliged to have large 
plates of iron suspended over them.” From the Pitchford seepage, in 
the same general district, the Bomans are reported to have secured 
pitch for the construction of their camp at Wroxeter, nearby. Eele,“ 
writing over two hundred years ago, apparently refers to this place in 
describing a crude refining process on a “blackish stone which is porous 
and contains in it great quantities of bituminous matter.” On treating 
this, with boiling water the oil and pitch would collect on the surface 
and be skimmed off. The material was also used in later times for the 
remedy above mentioned. The seepage today is a pool of water covered 


■ Wm. Walker: Petroleum in North StaSordahire. Pel. Reo. (1911) 34, 301. 

> W. Q. Peaaegood: Disohaege of an Inflammable Oil in a Coal Seam (Stafford- 
shire), Treau. Ihst. Min. Eng. (1900) 36, 116. 

>• J. P. Ftestwioh: Memoir on the Gkwlogy of the Coalbrookdale CoalMd. Trane. 
Geol. Soo. (1886) 6, 11, 413. 

' M. Ede: On Making Pitch, Tax, and Oil, out of a Blackish Stone in Shropshire. 
PML Trane. (1697) 19, 644. 
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with black oil, which is constantly collecting. The seep occurs in a 
small patch of pre-Cambrian on the crest of an anticline. The Carboni- 
ferous is found on all sides and covers the fold, and it was from quarries 
in this that the “blackish stone’’ was secured. In pre-Carboniferous 
rock, including pre-Cambrian, to the west of the Coalbrookdale coal 
field, tar and bitumen are found but these can usually be ascribed to the 
presence, either now or formerly, of Carboniferous strata. Murchison^® 
mentions some of these and appears to confound anthracite for bitumen 
as he describes one place (Lsrfch Hill) where the “anthracite” is viscid 
and runs out of the cavities in the state of mineral pitch. 

In the important Lancashire coal field, located 40 mi. north of the 
North Staffordshire district, colliery seepages are reported. The mem- 
bers of the Carboniferous become very thick. The coal field has some 
very large faults and the structural details are not well known. From 
here northward to Scotland, oil indications diminish, but interesting 
occurrences are found at Whitehaven, on the west coast, and in the 
Tees district, on the east coast. 

Occurrences in the Mesozoic of the eastern and southern portions of 
the coxmtry are usually found in shallow water wells, used for domestic 
purposes, and as a rule are discovered during an imusually dry season 
when the water level is pumped down so as to bring up the contents 
floating on the surface; or in cases when the cover has been removed for 
repairing the well. The oil floating on these water surfaces is white to 
amber or light green in color, is mostly kerosene but usually carries such 
fractions as light lubricating oil, some wax, and elaterite. The writer 
looked into several occurrences, such as Gainsborough, Ramsey, Bassing- 
boume and Chobham. The Ramsey oil first appeared in the winter of 
1917 and continued for at least four years, during which time some thou- 
sands of gallons were collected and sold. One explanation of these 
seepages is that the oil represents accumulation from surface storage, 
affected by the alteration of years of standing perhaps. But according 
to the chemical work done on samples by J. E. Hackford the oil in most 
cases is a true petroleum with Carboniferous afiBnities. 

The Scottish seepages are largely confined to the Carboniferous in the 
vicinity of Edinburgh, in which area the oil-shale fields are found. A 
few years ago, however, there was an important oil flow in a colliery 10 
miles northeast of Glasgow and indications are reported in the Devonian 
of the north of Scotland. The Edinburgh seepages are in the form of 
hard bitumen, wax, and oil. The oil-shale measures are intruded with 
sills and vents and it has been the custom to ascribe these products as 
due to heat effects of the intrusives on the oil shales. In the oil-shale 
mines, the hydrocarbons are found in both igneous and sedimentary 
rocks and, in chemical characteristics, are closely related to those of 

» Sir Roderick Murchison: “llie Silurian System.'' London, 1889. 
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England. In the sediments of a pit on the flanks of the Sroxburn 
dome, hundreds of barrels of oil with brine water were collected some 
years ago, and black waxy oil was collected during this work from the 
workings on the Pumpherston dome and at West Calder. East of the 
main oil-shale field is found the historic St. Catherines well, 5 miles 
southeast of Edinburgh in the direction of the D’Arcy well. By its size 
and appearance, this seepage would impress the average oil geologist at 
once. It is situated in Carboniferous rocks in the vicinity of a large 
fault separating these strata from the Devonian on the west. There is 
a pool of water covered with black oil and occasional rumblings of gas 
occur. The pool is protected by a stone house built, I believe, by one 
of the Stuarts, the place having been frequented in former times for 
medicinal treatment. 

Mention should be made of the chemical correlation of the various 
seepage material collected during the investigation and carried out by 
Mr. Hackford. His chemical work checked the geological in indicating 
a lower Carboniferous derivation for the bulk of the material. His studies 
also enabled him to foretell closely the character of the crude ultimately 
found in drilling. 

As to the significance of the various oil indications in the United 
Kingdom, this perhaps wiU not be well understood for some time to come. 
As some critics have maintained, are these indications of no value 
or do they indicate that the country as a whole is a dead oil field and 
past hope of ever being commercially productive? Certainly at some 
former periods in the history of the country, valuable deposits must have 
existed, and the Hardstoft well should help invalidate the view that 
these have all disappeared or become “inspissated.” Any one acquainted 
with the hazards of wildcat drilling will acknowledge that eleven scattered 
wells are insufficient to test thoroughly a country having the size and 
geological conditions of the United Kiagdom. The method of balancir^ 
the books by taking the difference between the cost of the prospecting 
to date and the return in oil sold, and writing it off as a loss is, if anything, 
premature. It would be more reasonable to let the balancing rest with 
the future, imtil more work may have been done. 

. BbOION OB THB EkGUBH WbLLS 

Geology 

The core of the Pennine Chain to the west of the Derbyshire wells is 
made up of outcrops of the Mountain Limestone, of lower Carboniferous 
age. Opposite Sheffield, the Limestone dips under the Pendleside scries 
and does not reappear again until some 40 miles farther north, whence 
it continues in the range to the Scottish border, gradually changing and 
becoming interbedded with shales, sandstone and coal seams. In the 
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Derbyshire area, however, the formation is made up of at least 1600 ft. 
of gray limestone, usually massive and, in the upper part, locally dolo- 
mitic. The base of the formation is not here exposed. On the eastern 
flanlfH of the range, the upper horizons contain local deposits of igneous 
rock of basic character, consisting of intrusives, contemporaneous 
flows and tuffs, and to these the name “toadstone” is applied by the 
lead miners. The development of igneous rock in the Carboniferous 
of England does not begm to reach the importance it does in Scotland. 

Above the Limestone is found the Limestone Shale, Yoredale, or Pen- 
dleside, as it is variously called. In Derbsrshire, this formation is made up 
of about 400 ft. of black fissile shale with thin impure limestones, and is 
usually spoken of as the Yoredale or Limestone Shales. On the Stafford- 
shire side of the range, the formation thickens greatly, develops sandy 
beds, and is referred to as the Pendleside. 

Next in the section comes the Millstone Grits, a series of medium- to 
coarse-grained sandstones and grits separated by important shale 
members. On the east side, the thickness is about 1500 ft., while on the 
west side this thickness dwindles to a few hundreds of feet. 

Besting on the Grits are found the Coal Measures, divided into the 
lower, or unproductive, and middle, or productive. Both members are 
largely argillaceous and sandstone beds are apt to be impersistent or 
wedge shaped. The lower measures are about 1200 ft. thick, the middle 
several times this figure. Upper coal measures, reddish in color and 
poor in coal, are well developed on the Staffordshire side of the Pennines; 
but on the eastern side they have only recently been discovered in 
borings, concealed beneath the Mesozoic. 

The Derbyshire coal field dips eastward imder cover of the Mesozoic 
in Nottinghamshire to form a “concealed” coal field, now being actively 
prospected for coal by borings and shafts. In this area, the top of the 
Carboniferous beneath the capping has been eroded into a remarkable 
peneplain, almost a geometrical plain with a length, north and south, 
of over 100 miles and a width of at least 30 miles, dipping 75 ft. per 
mile east. 


Structure 

The core of the Pennines, where the limestone outcrops, is in the form 
of a broad flexed dome developed on the Pennine uplift. On the flanks 
of this huge structure are found subsidiary folds, on some of which on the 
east and west sides the locations were placed. 

In the area of the limestone core, the dips are moderate, as a rule, 
and the regional dip in general decreases in passing eastward across the 
Derbjrshire coal field. That is, 10® might be considered an average dip 
in the area of Millstone Grit outcrops, while' on the east border of the 
exposed Derbyshire coal field the average may be closer to 2*. Locally, 
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however, in the coal field the dips become much steeper than this figure. 
On the Staffordshire side of the range, the deformation of the strata, 
both as to folding and faulting, is more intense than on the eastern fianks. 

'Faulting is an important feature in the structure of this part of 
En^and; in fact, faulting looms largely in the deformation of most parts 
of the British Isles. In Derbyshire, faxilts are of the normal type. 
Each square mile usually shows some sort of dislocation. The larger 
ones have a displacement of 100 yd. or so, and some are traceable for 
half a dozen miles. In this east side coal field, there is a tendency for 
the faults to form in two systems, one paralleling the axes of folds or the 
structure contours, the other intersecting these at a high angle. In the 
faults on the long roll running northeast from Shefl&eld, this type of inter- 
section is well developed, the angle of intersection approximating 60®. 
In the Staffordshire coal field overthrusting is present, especially on the 
western side. 

Fig. 1 shows that the folds on the west flanks of the Pennines have a 
general parallelism to the range, while in the less-deformed region of the 
east fianks this parallelism is absent, but the folds tend to radiate from a 
center lying west of SheflGleld. There appears to have been some differ- 
ence in the nature of the forces causing deformation on the two sides of 
the range. The generally normal-faulted condition of the east side sug- 
gests stretching of the crust with subsequent adjustments by the faults. 
The stretching might be due to localized radial or vertical forces acting 
upwards, resulting in the formation of the scattered folds and the type 
of faulting found. Such radial forces might arise from laccolithic action, 
or the subsidence of the strata along buried ridges of older rocks. The 
occurrence of thick toadstone deposits in the limestone of the Brimington 
weU, and agglomerate in the core of the Ashover dome, suggests lacco- 
lithic action as the cause of some of these structures. 

PaBTIOTTLABS OB THB ENGLISH WbLLS 

The well logs given are based on samples taken every 5 ft. and worked 
up in conjxmction with the tower reports. Owing to lithological simi- 
larities, it is difficult to place the lower coal measure — Millstone Qrit 
contact, and the Millstone Grit-Iiimestone Shale contact. The latter 
boundary is taken as the horizon where mica in the shales disappears. 
It will be noted that according to the correlations made there is a marked 
thickening of the formations northward. In the IronviUe No. 1 well, 
the Grits have a thickness of 840 ft. and the Limestone Shales a thick- 
ness of 180 ft. At Eenishaw, 16 miles north, these have increased to 
1420 ft. and 660 ft., respectively. There is also a corresponding thicken- 
ing of the lowey coal measures. The structures, with the exception of 
Brimington, Ridgeway, Werrington and D’Arcy, were worked up in 
conjunction with information supplied by mining companiea The maps 



1064 RECENT EXPLORATION FOR PETROLEUM IN THE UNITED KINGDOM 

and publications of the Geological Survey were also found of great value 
during the investigations. 

The two Ironville wells were on the same fold, No. 2 being miles 
north of the other and several hundred feet lower on the structure. The 
fold is a well-defined dome, with a length of 8 miles from Langley Mills 
to Blackwell, and closure of 500 ft. or more. The dips vary round 5®, 
but on the west flank these steepen in places to 20®. 

No. 1 was placed on top of the dome close to the intersection of 
two faults, one trending with the axis and partaking of the nature of a 
sharp broken flexure; the other having a displacement of 90 yd. and inter- 
secting the first at right angles. The well started 50 ft. below the base 
of the productive coal measures. The Grits were reached at 983 ft., 
the Limestone Shales at 1840 ft., and the Limestone at 2031 ft. In the 
Grits at 1400 ft. was a 50-ft. sand with salt water and some black oil. 
At the top of the Limestone, a small showing was found yielding a barrel 
or so of oil of 30® B6. At 2280 ft. (in the Limestone), a thickness of 120 
ft. of toadstone was penetrated. For 600 ft. below this, occasional colors 
of oil with gas were noted, the hole being full of water however. At 
3600-3630 ft. in the Limestone, the washed samples showed good tests 
for oil, 0.4 per cent, by weight. The hole was fuU of water from horizons 
above. A shot of 180 lb. of dynamite was discharged and some time 
spent in endeavoring to shut off the water without success, leading to the 
abandonment of the hole. 

No, 2 started in the productive coal measures, reached the lower 
coal measures at 760 ft., the Grits at 1680, the Limestone Shales at 2740, 
and Limestone at 3029 ft.; 80 ft. of toadstone was encountered in the 
same position as that at No. 1, and water horizons in the Limestone of 
the two wells coincided fairly well. Colors of oil were found in the Grits 
at 2170 and 2640 ft. and at the top of the Limestone the upper 6 ft. 
showed colors and had a very live odor, but looked too soft to shoot. 

The Hardstoft well was placed on top of a well-defined dome trend- 
ing for over a mile to the northwest, and to the southeast continuing for 
many miles with plunging axis. The usual dips are 5® to 10® but on the 
southwest flank these locally reach 20®. Just west of the well, and paral- 
leling the axis is a 60-yd. fault. The location was placed with the 
intention of encountering this fault where it intersected the Limestone. 
There were not many data available for calculatjing this intersection, and 
during the drilling there was good reason to believe that the fault zone 
was passed through between 1360 and 1550 ft. in depth, which would 
give the fault plane a dip of ^ 60® and cause it to strike the Limestone 
1000 ft. to the east. The well started in the productive coal measures, 
reached the lower at 444 ft., the Grits at 1633 ft. (?) the Limestone Shales 
at 2710 ft., and the Limestone at 3077 ft. When the well passed through 
the faulty zone, some colors of oil and puffs of gas occurred, with water. 
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On top of the Limestone, beneath a hard shell, oil was found in May, 
1919, in a sandy limestone probably not exceeding 5 ft. in thickness. 
There was only a little gas present and it required eleven days for the 
oil to fill the 8-in. casing and overflow. The oil continued flowing at a 
very uniform rate all the time the writer was present (imtil the fall of 
1921) and showed little decline. Two years after coming in, the well 
was given a pumping test, after which the oil rose to the surface in 16 days. 
The well was drilled 50 ft. below the sand to 3130 ft. without altering 
the production. 

According to information supplied by H. M. Petroleum Department 
the production of the well has been as follows: 

U S. Bbl. 

May to December, 1919 1606 

Year 1920 2909 

Year 1921 2662 

Year 1922 974 

The sudden decline in 1922 is thought to be due to the necessity of 
cleaning out, as the oil is high in wax and the sand is protected from the 
overlying cavey shale only by a few lengths of perforated 6-in. liner. 
No attempt has been made to increase the flow by shooting or cleaning 
out. In character the oil resembles Pennsylvania crude in certain 
respects. It has a gravity of 40® B6 and analyzes by steam distillation 
as follows: 



Pbb 

Spxomo 

Dboekbs 


Cbnt. 

Geavitt 

Baum]£ 

Gafiolene 

10 

0.720 

65 

Kerosene 

30 

0.7836 

48 

light lubricating oil and wax 

30 

0.83$ 

37 

Heavy lubricating oil 

30 

0.893 

27 


Sulfur 0.42 per cent. Wax (melting point 104° F.) 3.26 per cent. 

In 1920, when Peimsylvania oil was selling at $6.10 per barrel, about 
4000 bbl. of the Hardstoft oil were sold to relieve the storage tank for a 
price of £22:10:0 per ton or about $14 per barrel at normal exchange rates. 

The Heath well was located on top of an elongated dome which is an 
offshoot trending in a northerly direction from the Hardstoft fold, the 
two being connected by a saddle. A mile north of the well the axis 
begins to plunge and may connect with the Brimington anticline; several 
hundred yards east of the weU is an axial fault having an east downthrow 
of 50 yd. The well started fairly high in the productive coal measures. 
The lower coal measures were reached at 1025 ft., the Qrits at 2040 ft., 
the Limestone Shales at 3455 ft., and the Limestone at 3942 ft., the hole 
being carried to a depth of 4014 ft. At 264 ft. a 50,000-ft. gas flow was 
encountered; and at 1873 ft., near the base of the lower coal measures, 
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a 12-ft. sand yielding 400,000 ou. ft. per day. The latter supply was 
used for some months under the boilers and in the camp. Again at 2864 
ft., in a 6-ft. sand between two water horizons, a 76,000-ft. flow was found. 
At the top of the limestone, a small oil showing was obtained; this had a 
gravity of 42“ B4. and resembled a filtered variety of Hardstoft oil. 
The showing was shot with 400 lb. of dynamite, and later with nitro^y- 
cerine. As the laws of the country forbade the transportation of this 
explosive, the fluid was leached with water from dsmamite on the spot. 
Neither of these shots was successful in increasing the showing. 

The Brimiii^on well was placed on top of a dome developed on the 
crest of the Brimington anticline, which has a length of 8 miles and 
north of the location curves into a west of north trend; lower coal meas- 
ures form the crest and productive measures the flanks. At least two 
domes are developed on the fold, the one tested having a closure of several 
hundred feet. The Grits were entered at 1010 ft., the Limestone Shales 
at 2420 ft., and the limestone at 2995 ft. Gas was found at 1076 ft. in 
the top of the Grits beneath a water sand; it was under sufficient pressure 
to make the water overflow and caused a subsequent collapse of 12^-in. 
casing. The gas contained carbon dioxide, 0.40 per cent.; methane 
79.82 per cent.; and nitrogen (by difference) 19.78 per cent. Gas and 
oU colors were found at 1430 ft. and “wet” gas at 2215 ft. In drilling 
through the lower 400 ft. of Limestone Shales, colors of oil and puffs 
of gas were frequent, but the Limestone itself was barren except for a 
few positive sample tests. Toadstone was found at 3200 ft., interbedded 
with limestone. The toadstone beds totaled about 700 ft., between 
here and the bottom, 4040 ft., which was in limestone. At 3670 ft., the 
beds carried considerable anhydrite for 100 feet. 

The Reniahaw weU was located on a terrace formed in the easterly 
dipping coal measures. The dips were under 5“ as a rule, and the struc- 
ture had little if any closure. The lower coal measures were reached at 
584 ft., the Grits at 1950 ft., and the Limestone Shales at 3400 ft. The 
top of the Limestone was not sharply defined, as in the other wells. 
Beds of limestone began to appear at 3978 ft. but the Tnain ma^ was not 
reached until 4130 ft. Some oil colors were noted at 1490 ft., and at 
1680 ft. a gas sand producing 200,000 ft. At 1616 ft. more gas was 
encountered in a sand, the total flow from the two places amounting to 
760,000 cu. ft. per day. These were shut off with mud fluid. At 2020 
ft. there was some “wet” gas, and at 3978 ft. a show in limestone. The 
lower 300 ft. of limestone Shales yidded frequent oil colors and the 
tools would come up spotted with it. The finitl depth was 4185 ft. 

The Ridgeway, or most northerly, well of the Derbyshire group 
was located on a large plunging fold trending south oi east. . A Tnila west 
of the well the axis flattened and developed some closure, while a fault 
giving some hundred feet of closure was present to the west of the weU. 
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The hole started in an area of lower coal measures. The Grits were 
entered at 1090 ft. (?), the Limestone Shales at 2500 ft., and the Limestone 
at 2810 ft. A little gas was met at 476 ft. At 2888 ft. in the Limestone, 
sulfur water was found, which overflowed at the rate of 200 bbl. per hr. 
The water temperature at the top was 110® F. at first and increased in a 
day or two to 120® F. as the ascending water heated the strata and so 
lost less heat by radiation. The water had medicinal qualities and 
efforts were made to dispose of the find for commercial purposes. When 
shut in with a gate valve, the closed pressure at first registered 56 lb. 
per sq. in., which it maintained for three months and then gradually 
declined to 30 lb., around which figure it oscillated to a small degree 
for some time, until the well was plugged. A noteworthy feature con- 
ceming the water flow was that this entered the cellar after flowing from 
the casing, thence it disappeared down the hole, presumably being 
absorbed by the strata in the upper parts of the well. The final depth 
was 2996 feet. 

As to the Staffordshire wells on the west side of the Pennines, the most 
easterly or Werrington was placed on the axis of a fold trending north 
for 4 miles from the well and south for a much greater distance, in the 
latter direction the axis having a decided pitch to the south. The 
location was placed on a flattening about 300 ft. below the top of the 
structure. There was evidence of an axial fault to the west of the well. 
Along the crest the structure was gentle, but on the flanks it increased 
rapidly in dip, which m places exceeded 40®. The Meir Hay seepage on 
the southwest flank has already been mentioned. The well started 
about 200 ft. below the Third Grit and was carried to a depth of 2670 ft. 
through the shales and sandy beds of the Pendleside series without 
finding the Limestone. The hole was abandoned on account of a fishing 
job. At 1850 ft., a pocket of gas was found; and at 2180 ft., gas and 
colors of oil. 

The Apedale well was located atop a pronounced elongated dome 
on the west side of the coal field. The fold is 5 miles long with the well 
in the middle. The closure on the northeast, or weak, side is 900 ft. 
The crest is a broad gentle flexure but on the west flank there is a sudden 
pitch so that the measures dip almost vertically for 1500 ft. and then 
flatten abruptly, with some overthrusting at the base of the pitch in the 
coal workings. On the east flank, the dip is uniform, 30° to 40®. The 
fold is faulted, the larger displacements being several hundreds of feet; 
some of these are reported to increase on reaching the synclinal area on 
the east. One fault system crosses the axis at an angle of 45°, another 
crosses more at right an^es, while the overthrusting on the west flanks 
parallels the structure. Small seepages in the vicinity have already been 
mentioned. A surprising and ui^ooked for development in this hole 
was the great thickness of volcanic ash encountered. This was entered 
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at 1450 ft. and continued to the bottom, 4248 ft., but was a very easy 
formation to drill. This is by far the thickest volcanic material known 
in the Carboniferous of Sngland. The ash was reddish in color, basic, 
and rich in augite. The well started in coal measures and apparently 
reached the base of the Third Grit at 1050 ft. Some gas was found at 
100 ft. and a few samples tested positively for oil. 

Region of the Scottish Wells 
Geology and Structure 

Fig. 2 shows, in sketch, the geology of a part of the Carboniferous 
basin of central. Scotland, in which two wells were put down. The basin 
is flanked on the north and south sides by Devonian and older rocks. 
In its broader features, the basin is made up of a large sag forming the 
Glasgow coal field in the western portion, followed by an uplift to the 
east of this in the vicinity of Edinburgh; the latter in turn is succeeded 
on the east by another depression, which in its southern part is repre- 
sented by the Dalkeith coal field. Adjoining the coal field on the east 
is the fold tested by the D’Arcy well, to the east of which the Carbonif- 
erous structure is not wril known but the strata are but moderately 
deformed on the whole. 

In this area the Carboniferous is subdivided in descending order 
as follows: 

Coal Measures. — Sandstone, shale and coal seams. 

Millstone Grits. — Sandstone and grits, thin limestone, coal. 

Carboniferous limestone Series. — Sandstone, shale and limestone, 
with coal seams developed in the middle portion. 

Calciferous Sandstone Series, subdivided as follows: 

OH Shcde Group . — ^Upper part with shales sandstone and thin lime- 
stones, canying most of the commercial oil-shale seams; lower part 
contains some oil shale, several important sandstone members, and shale. 

Cementsione Group. — Shales, sandstones, some conglomerate; Arthur’s 
Seat and Carlton Hill volcanic zone. Fig. 2, is at the top. This group 
grades down into the sediments of the upper Old Red Sandstone, which 
however is imconformable with the lower Old Red Sandstone, which in 
this region contains much igneous material. 

The thickness of the above section runs into thousands of feet, but 
that of individual members is apt to vary from place to place. Igneous 
material forms a notable part of the Carboniferous. This is more often 
of a basic character, consisting of flows, ash, sills, and isolated vents. No 
attempt is made to show aU these in Fig. 2. 
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Practically all the oil shale of Scotland is mined from the formation 
shown, about 15 miles west of Edinbmgh. Some shale was, at one time, 
mined on the anticline at Straiton, west of the D’Arcy well. The oil- 



shale formation rises from under the measures of the Glasgow coal field 
to the west and, forming a broad bench, is deformed into pronounced 
domes usually separated by broad B 3 naolines or relatively flat strata. The 
type of stru^ure devdoped in the oil-shale field appears to be unique 
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and is confined to the area where oil shale is mined. There is perhaps 
some significance in this connection. There is some hint that the doming 
may be due to laccolithic action. Some strong faults are developed, 
usually normal, occasionally with a throw of 1000 ft. or more. The fault 
along the east side of the Pentland Hills, which is one of the major dis- 
placements of the region, is thought to be of the overthrust type. 
Because of the thick drift which covers the country, the details of the 
structure often become known only through mining operations, and 
mapping where surface exposures only are available is sometimes subject 
to radical change when the underground formations become mined. 

Details of the Wells 

The West Calder location was placed on the summit of a pronounced 
dome forming the major feature on an anticline of somewhat longer 
axis. On three sides the dips vary up to 26'*, but the south side is repre- 
sented by the plunging axis of the antieUnc which runs south for several 
miles with a pitch of 6®. The boring started in the upper oil-shale group 
and several oil-shale seams were fotmd in the upper part of the hole. 
These drill like leather. Oil colors were of frequent occurrence down to 
a depth of 1200 ft., and at 815 ft. a 10-ft. sand showed heavy oil, enough 
to give the tools a thick coat whenever passing through. At 945 ft, was 
a 50,000-ft. gas sand. It had been expected that several sandstone 
members known to occur in the lower part of the oil-shale group would 
be picked up before a depth of 2700 ft. was reached, but between 1680 
and 2980 ft. there was an almost continuous mass of ash or agglomerate 
with some solid igneous, all basic in character. A shale break 100 ft. 
thick occurred at 2500 ft. The occurrence of this ash was unexpected 
and, so far as the writer is aware, no correlation has been made of this 
nor the sediments below, which may stiU be the oil-shale group. Below 
the ash to the bottom (3918 ft.) were shales with some ash streaks, 
some full of lime. The first appreciable water below 1500 ft. was found 
at a depth of 3909 ft. and beneath this were showings of oil and gas with 
the hole full of water. Some oil colors were noted at 2607 ft. beneath 
the shale break, and also at 3394, 3488, and 3705 ft. The well was aban- 
doned because of bad hole. 

The D’Arcy well was on a broad moderately folded anticline adjoining 
the Dalkeith coal field on the east. The fold has a northward trend and 
is over 8 miles long. Several domes are developed on the structure, 
the location being on the most important. The Carboniferous limestone 
series forms the surface. The oil-shale measures underlsdng this have 
never been prospected on the fold except by the present boring. In 
the well, the oil-shale group was entered at a depth of 200 ft. and several 
seams were found. At 724 ft. gas was found in a sand; and when measured 
with the hole partly filled with water and cavings t^ed 300,000 ou. ft. 
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per day. The gas contained methane and ethane 76 per cent.; nitrogen 
24 per cent. At 905 ft., some heavy oil was found in association with 
water in a sand. At a depth of 1810 ft., an encouraging show of oil was 
found but the well had to be stopped on account of diilling difficulties. 
This was after the departure of the writer, but he is informed that the oil 
is of high grade, resembles that at Hardstoft, and over 50 bbl. were bailed 
out. The well is reported standing pending arrangements with private 
interests to undertake further work. 

Vahiation in Fixed Cabbon Content of Coai, 

During the early stages of the geological work. White’s paper on the 
relation of the fixed carbon percentage in coal to the Appalachian oil and 
gas fields appeared, and in consequence all available proximate analyses 
of British coal were secured with the view of applying his results to the 
problem in hand. Most of the analyses obtained were for commercial 
purposes and usually gave no hint as to the method of analysis employed. 
The data available, therefore, wore not as satisfactory as could bo desired, 
as proximate analyses do not, as a rule, chock unless made by the same 
method and various methods were in vogue in the data obtained. In 
a general way, these analyses gave as an average for Derbyshire coal a 
fixed carbon content of 60 per cent, (this figure is herein calculated on 
the ash- and moisture-free basis), and the same figure seemed to suit 
the coals of Staffordshire and the Edinburgh area. In the southwest 
of the country,'in the South Wales coal field, the figure was higher, and also 
in the north of England, in the Durham coal field, where the coal usually 
went 70 per cent, fixed carbon or better. 

But although 60 per cent, was an average, there was considerable 
variation in the same section and oven in the same scam. Thus tho low- 
est workable coal in Derbyshire in the lower cool^casuros, the Kilburn, 
was reported by one colliery to run 56.7 pibr cent, fixed carbon, wliile tho 
Top Hard seam in the same district, 1500 ftt higher in tho section, gave 
figures as high as 63 per cent. Again, canncl portions of tho Top Hard 
were as low as 50 per cent. Accordingly, during tho progress of tho 
drilling, the writer secured various coal samples from mines and had thorn 
uniformly analyzed by the American method. In the vicinity of tho 
Hardstoft well, the Blaokshale coal at the base of tho productive coal 
measures gave 59.1 per cent, fixed carbon. The Low Main seam, 200 ft. 
above, went 62.7 per cent.; and the Deep Hard, 450 ft. above, 64.7 por 
cent.; that is, the fixed carbon content decreased with depth. Near tho 
Heath well, the Blaokshale coal at a depth of 1000 ft. went 64.4 por cent, 
fixed carbon, while a few miles east at a depth of 2000 ft. tho figure was 
59.5 per cent.; but at the latter place the soam was of a cannol variety. 

With regard to the variation of percentage in the same soam, samples 
of commercial grades from the Bamsloy, tho Top Hard oquivalont, from 
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a mine a few miles northeast of Sheffield, were made by the above method 
with the following results: Cannel, 56.2 per cent.; softs, 63.2 per cent; 
hards, 64.4 per cent, fixed carbon. 

As to variation arising from the method of analyses, such as would 
be liable to enter data of the nature collected, a sample from a coal seam 
in one of the oil-diale pits at West Calder gave by the American method 
51.0 per cent, fixed carbon. An analysis of the seam by the company, 
using its method, gave 57.5 per cent. An analysis by the same company 
of the Hurlet coal, much hi^er in the section, yielded 61.2 per cent. 
6xed carbon. 

The foregoing figures would indicate that caution is needed in using 
the fixed carbon content of coal as a means of determining the oil pros- 
pects of a region, especially if this happens to be a new one or foreign. 
The assumption made by some, in using coal analyses for this purpose, 
that the fixed carbon content increases with depth is not borne out by the 
figures given. The question arises as to how much of the variation of the 
fixed carbon content is due to metamorphism, and how much to differ- 
ences in the original character of the coal itself. 

Well Temperatures 

Thermometer readings were taken at various depths during the 
drilling of the wells, whenever a suitable opportunity presented itself. 
It was not always easy to find a well in suitable shape to take a reading, 
as the action of the bit had the effect of heating the strata, the heat 
effects being in evidence sometimes for several days. In conjunction 
with the Mine Temperature Research, Doncaster Coalowners Laboratory, 
brass cases were designed with spring mountings to hold the thermometers, 
which were of chnioal type. Two oases were used, one inside the other, 
the object of these and the springs being to lessen the effects of jar in 
raisiDg and lowering the apparatus on the tools, and to obviate water- 
pressure effects on the mercury bulb of the thermometers. The ther- 
mometers, in batteries of two or three, were usu^y tied to the top of the 
bailer and left in the hole for 2 hours. 

The presence of casing in the hole did not appear to affect the results, 
neither did the presence of water in the hole so long as it was not flowing 
over the top. It should be mentioned that at Ironville No. 1, water was 
struck at 2417 ft. and overflowed at the rate of 10 bbl. per day. The 
water on issuing from the top was cool, of air, temperatures. This gave 
the impression that the water horizon was also cool, but a reading at 
the bottom of the hole showed a temperature of 103® F. indicating that 
the water was cooled in its slow ascent in the hole. These results indi- 
cate little or no effects from convection currents in the sizes of hole used. 
In the case of strong flows, as at Ridgeway, the water ascended too 
rapidly to be cooled by the walls. 
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The results show that the temperature gradient is not uniform 
in the same hole, nor do the same horizons in the various wells show the 
same gradient. This indicates that the isothermal surfaces are not 
planes, but curved or sinuous surfaces. This condition must be caused 
by unequal conductivity of the strata of a marked order, or else the local 
production (and absorption) of heat in the strata by chemical action, 
radioactivity, crustal strain, and similar phenomena. Perhaps both 
causes influence the gradients. At times the existence of sources'' and 
“sinks” of heat were suspected from the anomalous results obtained, but 
the nature of the experiments was such that no reliance could be given 
the suspicions. 

The more reliable readings are given in the table. The strata in 
Derbyshire at a given depth are, on the average, hotter than those at the 


Table 1. — Well Temperatures 


WeU 

Depth, feet 

Temperature, 
DegrooB, F. 

Hoxnarks 

Ironville 1 

2400 

103.0 

Hole full of water 


3555 

123.5 

Hole full of water 

Ironville 2 

1960 

89.6 



3075 

119.0 

Hole full of water 


3530 

127.0 

2700 ft. water in hole 

Hardstoft 

2977 

103.0 


Heath 

3200 

107,6 



3660 

122.0 



3975 

124.0 


Brimington 

2460 

100,0 



3000 

117.5 

24 hr. after drilling 


3990 

121.6 

Hole full of water 

Eexiishaw 

1725 

87.0 

400 ft. water in hole 


2720 

104.0 

200 ft. water in ho!o 


3635 

119.0 

250 ft. water in hole 

Werrington 

1815 

71.0 

1 


2210 

80.0 

» 

350 ft. water in hole 

Apedale 

1715 

74.6 



3200 

95.6 



4230 

113.0 

1500 ft. water in hole 

Weat Caldor 

2100 

79.0 

250 it water in hole 


2950 

89.0 



3870 

114.5 

3200 ft. water in hole 


voxta m— 68 
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1 

0 

1 
o 

>> luS rH 00* PS2 

g »o©o r-i ril rfi lo eo 00 -o 

H OPi'M ti* W05 'J* 

g -* OOOWgrH j3o «>«0 

! 

West ; 
Calder 
8910 
Lower 
1.063 

b 

4.85 

0.88 

0.48 

1.49 

24.62 

0.20 

tr. 

0.06 

60.70 

0.62 

0.04 

Igneous 

Apedale 

3570 

1.1776 

b 

35.97 

0.50 

0.12 

42.33 

0.27 

0.007 

0.012 

131.55 

0.76 

0.004 

0.27 

tr. 

Lower 

Coal Measures 

Reni- 

shaw 

1670 

Lower 

1.009 

b 

0.24 

tr. 

0.075 

4.25 

0.046 

tr. 

0.0061 

tr. 

7.07 

0.041 

0.12 

0.12 

0.006 

Hard- 

stoft 

902 

Middle 

1.010 

b 

0.188 

0.0025 

0.061 

4.88 
0.08 

0.0076 

7.88 
0.077 

0.18 

0.025 

0.002 

Millstone Grits 

Ridge- 

way 

1115 

Upper 

a 

1.60 

0.30 

47.84 

1.28 

tr. 

0.01 

20.56 

39.30 

11.69 

0.96 

2.20 

1 i 

Beni- 

shaw 

3198 

Lower 

1.127 

b 

16.20 

0.67 

0.93 

2.30 

40.45 

0.16 

0.085 

0.023 

0.009 

0.016 

98.40 

0.966 

tr. 

0.002 

1 

Iroii- 
ville 1 
1433 
Middle 
1.014 

b 

0.26 

0.017 

0.005 

0.11 

6.64 

0.061 

0.002 

0.0014 

10.78 

0.066 

0.30 

0.012 

0.012 

0 

1 

1 

1 

Reni- 

shaw 

4185 

Upper 

1.116 

b 

13.85 

0.36 

2.96 

37,40 

0.29 

tr. 

0.11 

0,05 

90.61 

0.86 

0.006 

0.016 

0.45 

0.002 

Brim- 

ington 

4040 

Lower 

1.003 

a 

64.34 

1.16 

9.81 

38.82 

tr. 

tr. 

0.086 

tr. 

70.10 

tr. 

7.70 

138.14 

2.40 

Iron- 
vUle 1 
2462 
Middle 

a 

16.40 

0.34 

4.92 

9.17 

0.68 

0.06 

0.095 

0.06 

15.04 

8.10 

46.23 

0.16 


WeU 

Depth, feet 

Horizon 

Specific gravity at 60® F. 
Constituents reported in. 

Caldum 

Strontium 

Barium 

Magnesium 

Sodium 

Potassium 

Lfthimn 

Ammonia {NH 4 ) 

Iron 

AliiTniTnim 

Manganese 

Zinc 

Chlorine 

Bromine 

Iodine 

C^ffbonate (COa) 

Sulfate (SO 4 ) 

Silica 

Nitrate 


Parts per 100,000. * Grams per 1000 gm. 


E. L. ICEES 


1076 


same depth in Staffordshire and Scotland. The average gradient for 
Derbyshire would be in the neighborhood of 1® in 50 ft., after allowing 
50° F. as the fixed surface temperature. 

Water Analtsbs 

The water horizons encountered in the wells were in most cases 
sampled and analyzed in detail at the Government Laboratory, Strand. 
No fresh water was found except close to the surface. All the waters 
found in deeper drilling were mineral in character, and of varied concen- 
tration, the highest specific gravity being 1.1776. The water from Reni- 
shaw at a depth of 3198 ft. was radioactive, of an order 1 in 10,000,000, 
and that at Hardstoft also, at a depth of 902 ft., but to a less extent, 
1 in 300,000,000. 

The waters, in Derbyshire, from a given formation usually differed 
in chemical characteristics from the waters of another formation. The 
Limestone waters are charged with sulfates, together with chlorides and 
some carbonates. Exceptions to this were brine waters from the upper 
limestone at about the same horizon, at Renishaw and Ironville No. 1, 
which carry only small amounts of sulfate and carbonate. 

Except those of the top, the Millstone Grit waters were charged with 
sodium chloride, with suKates and carbonates absent or in small 
proportions. Barium and bromine are usually present, and some 
show barium in solution in the presence of the sulfate radicle. This 
feature was carefully checked, and ascribed as due to the presence 
of magnesium chloride and bicarbonates holding the barium sulfate in 
solution. The upper Millstone Grit waters have resemblances to 
those of the coal measures, which carry appreciable proportions of sul- 
fates and carbonates in addition to chlorides. 

The deep West Calder water has resemblances to those of the Mill- 
stone Grits. Table 2 shows some of the representative analyses. The 
results are reported in two ways. To reduce one to the other mul1.iply 
grams per 1000 gm. by 100,34 to obtain parts per 100,000. 



1076 SMACKOVBR OIL FIELD, OUACHITA AND UNION COUNTIES, ARK. 


Smackover Oil Field, Ouachita and Union Counties, Ark.* 

By H. G. ScHNBiDEEjt Shreveport, La. 

(New York Meeting, February, 1924) 

The Smackover oil and gas field lies in Ouachita and Union Counties, 
Ark., in the south-central part of the state, in T.15 and 16S., R.16, 16, 
and 17W. It is 10 miles north of E3 Dorado, the principal business and 
railroad center in the south-central part of the state, and extends from 
the town of Smackover in all directions. Productive territory having an 
aggregate area of nearly 65 sq. mi. has been developed. It extends 
6 miles from north to south and 12 miles from east to west. The field 
may be divided into two parts: the east district, which includes the area 
east of the town of Smackover, and the west district, which includes the 
area west of the town of Smackover. In relation to the neighboring 
productive fields of Arkansas, the Smackover field is 9 miles north of 
the £1 Dorado oil and gas field, 8 miles slightly west of north of the 
East El Dorado oil and gas field, and 16 miles east of the Stephens 
oil field. 

Smackover was discovered in May, 1922, when the Oil Operators 
Trust drilled well No. 1 on the J. T. Murphy farm, in the southeast 
quarter of sec. 8, T.16S., I1.16W. This well is located almost on the top 
of the Norphlet dome and was drilled to the Nacatooh sand. It had an 
initial open flow volume of 30,000,000 cu. ft. of dry gas per day, and a 
rock pressure of 950 lb. per sq. in. In July, 1922, the V. K. P. Co. 
completed the first oil well in sec. 29, T.16S., R.15W., on the north side 
of the Norphlet dome, and 3 miles north of the first gas well. This 
well started the active development of the north and northwest sides of 
the dome.^ 

The field was extended westwards, when oil was discovered in the 
Nacatoch sand, during October, 1922, in sec. 4, T.16S., R.16W., 5H 
miles west of the original gas well. This opened up the so-called “light 
oil district,” which is located on a structural terrace, for which the name 


* Published by permiBsion of Amerada Fetroleiun C!oipn. 
t Division Geologist, Amerada Petroleum Corpn. 

^ H. W. Ball, P. S. Haury and B. B. Kelly: Preliminary Baport on the Eastern 
Part of the Smackover, Arkansas, Oil and Gas Field. Arkansas State Bureau of 
Mines. 1923. 
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Louann terrace is proposed. Further development in the area surround- 
ing this well was disappointing as most of the wells were either dry or 
small producers. This led to the deepening of some wells, and the finding 
of two producing horizons below the Nacatoch. 




IlKfia^lSSmiKSa&sSr 



IMjjpHiiHElaHa wii igimwfiSSSH 







IKSEimKKHHHBHiaSar 



BBBBiSMBrS 


MBig-aiaglliBgBBffiSg 


1. — Iimiiz or East ItaAS, North Louisiaka, and South Areahsab. 

During the next four months, drilling was chiefly confined to proved 
areas, but in February, 1923, the district was extended in several direc- 
tions. The Burton pool, on the northwest side of the Smackover district, 
was opened when a 25,000-bbl. well was completed in sec. 28, T.15S., 
R.16W., extending the field to the northwest. A 10,000-bbl. well in 
sec. 10, T.16S., R.16W. opened up the Broderick and Calvert pool and 
extended the field to the southwest. . During this month, an oil well was 
completed on the south side of the Norphlet dome in sec. 16, T.16S., 
R.15W., and in March, 1923, the completion of a large well in sec. 10, 
T.166., R.16W., on the east side of the dome, started the development 
of the Norphlet area. 

Subsequent drilling has connected the various productive parts of 
the NorpUet dome and the prolific area has been well defined by dry 
holes: however, no wells have been drilled that thoroughly tested the 
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deeper horizons. In the western part of the Smackover district, produc- 
ing areas have been well de- 
fined, with the exception of 
the area to the northwest, by 
dry holes. 


FflCSH WAT£RSAIfD 


I- soo SANa { 



^CLAIBORNE 
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Fiq. 2.— Stbatigraphig section of Smack- 

OVHJB DISTBIOT. 

these older rocks couMf to the surface. 


Stbatigeapht 

The stratigraphy of south- 
ern Arkansas, in conaparison 
^ to that of most regions of 
I gently dipping sedimentary 
rocks, is obscure, the various 
formations being difficult to 
differentiate. Variations in 
lithology and thickness of the 
different formations makes 
their correlation in well rec- 
ords difficult and, in most 
cases, impossible. With ro- 
tary drilling, accurate logs are 
difficult to obtain even though 
samples are secured from the 
drilling wells, for cuttings are 
always mixed with fragments 
from the formations already 
passed through. Logs made 
by drillers without reference 
to samples are simply a record 
of the relative hardness of 
the formations. 

Coastal Plain Belt of Southern 
Arkansas 

The southern part of Ar- 
kansas that lies in the coastal 
plain is underlain by strata 
of Tertiary and Cretaceous 
age resting upon a basement 
of steeply folded Peimsylva- 
nian sediments peneplained 
prior to Cretaceous time and 
subsequently tilted slightly 
coastward. About 60 miles 
north of the Smackover field, 
The Paleozoic rocks are aepa- 
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rated from the Cretaceous deposits by an unconformity including, at 
least, the Triassic and Jurassic and, probably, part of the Lower Cretan 
ceous epoch. The Cretaceous deposits are divisible into two series, the 
Upper and the Lower. The nature of the contact separating these two 
has not been determined, but it may be that of unconformity, with the 
basal formation of the Upper Cretaceous, the Woodbine, having been 
deposited m the waters of a trangressing sea.® With the exception of 
the two basal formations, the Trinity of the Lower Cretaceous series and 
the Woodbine of the Upper Cretaceous series, both of which represent 


STBATtOSAPHIC CoLTTMNAS SbCTION OF THB SmACKOYBB FiBLD 


‘ Thiok- 

SrsTBM Sbbibs Foiimation and NB88, IN Cbabactbb AS Rbcobdbd fbou Wsll 


Quaternary 

Recent 

Group 

Fbbt 

Cuttings 

Flood-plain deposits and terrace 
remnants. 

Tertiary 

Eoceno 

Claiborne 


Lignitiferous sand and clays and 
ferruginous sandy clays. Glau- 
conitic sand common. Fresh- 
water sands. 



Wilcox 

700 

Sands, sandy clays, and shales. 
Some boulders and lignite. Fresh 
and brackish water sands. 



Midway 

340 

Sand, gumbo and shale with more 
or less calcareous noatorials. 

Cretaceous 

Upper 

Cretaceous 

Arkadelphia 

026 

Dark clays, shales with calcareous 
material. 



Nacatoch 

210 

Sand, sandy shales and layers of 
calcareous quartzitic sandstone. 

Cretaceous 

Upper Marlbrook 

Cretaceous 

220 . 

Calcareous clays, marly limestone 
and sand. 



Annona 

90 

Calcareous shale, some sand. 



Brownstown 

145 

Blue shale and sand. 



Blossom 

80 

Sands, sandy lime and shale. 



Eagle Ford 

160 

Shale, in part sandy. 



Woodbine 
equivalent (?) 

200 (?) Rod shale and gumbo, limestones, 
and sandy shales. 


Lower 

Cretaceous 



Limestones, shale and sand (?) 


*L. W. Stephenson; Cretaooous-Eoeene Contact in the Atlantic and (lulf 
Coastal Plain. tJ. S. GeoL Survey Pro/. Popar 90 (1916) 166-182. 



1080 S5IA.CKOTBB OIL BIBLD, OTTAOHITA AND UNION COUNTIES, ABE. 


deposits laid down in deltas and marginal marine waters, all of the 
Cretaceous deposits are of marine origin. The Upper Cretaceous is 
disconformahly overlain by the Eocene. This unconformity is a 
paleontological rather than a structural break. The basal formation of 
the Eocene, the Midway, is of marine origin, and the younger formations 
represent sediments deposited under littoral or palustrine conditions. 

Surface rocks in the Smackover held belong to the Claiborne group 
of Tertiary age, and consist mainly of cla 3 ^, sands, sandy clays, and 
lignites. These beds are covered to a great extent by surficial deposits of 
Quaternary age consisting of flood-plain deposits and terrace remnants. 
The older formations are known from well records only. In the following 
discussion, descriptions of the different formations are given and tentative 
correlations with known beds are suggested as far as possible. 

Teetiart System 
Clazbome Group 

The Claiborne group consisting of an upper and lower member, 
the Cockfleld and St. Maurice, respectively, is present through the held 
and more or less weathered exposures are found over about half of it. 
The members consist of alternating beds of ssmd and clay, with boulders. 
The clays are thinly laminated, white to chocolate in color, and contain 
in a few localities thin layers of lignitiferous material. Some of the sands 
contain considerable glauconite, weathered surfaces of which are usually 
brick red in color because of the oxidation of the iron content. The St. 
Maurice formation has been identified on the north side of the field at 
Walnut Bluff, in the south part of T. 16S., R. 16W., by Harris.* Berry 
has identified the surface formation in the north part of T.17S., R.15W., 
on the south side of the Smackover district as being of Cockfleld age.* 

Wilcox Formation 

The Wilcox formation consists of fine to coarse sands and gravel with 
minor amounts of sandy clay and shale. Limestone boulders, with 
varying thicknesses up to about 5 ft., are common and occasionally lignite 
is logged. The color varies from a yellowish brown to white. Tho 
Wilcox is usually distinguished from the Claiborne by tho greater 
amount of sand it contains. 

Midway Formation 

The strata that have been assigned to the Midway in the Smackover 
field consist of shales and cla 3 r 8 near the top, and sandy layers containing 

• G. D. Hards: Oil and Gas in Louisiana. U S. Geol. Survey Bull. 429 (1910) 120' 

4 El Dorado, Arkansas, Oil and Gas Field. Arkansas Bureau of Mines (1922) 79’ 
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some lime near the bottom. The Midway beds are marine sediments, 
bluish black and light yellow in color, frequently micaceous. The Mid- 
way is distinguished from the overlying Wilcox formation, by the relative 
scarcity of sand. 


Upveb Cretaceous System 
Arkadelphia Formation 

The Arkadelphia formation, about 650 ft. thick, is logged as bluish- 
black shale and gumbo with many thin limestone layers. It is easily dis- 
tinguished because of the thickness of shale without sand. The thin 
limestones recorded are not true beds, but are boulders; and they are con- 
fined to the lower 200 ft. of the formation. 

Nacaioch Formation 

This formation consists of various amounts of sand, shale, gumbo, 
and impure limestone which have a total thickness of about 200 ft. The 
main producing horizons in the Smackover district are in this formation. 
The top of the formation,® is marked by an argillaceous limestone, which 
is easily distinguishable from the overlying shales and gumbos. The 
Nacatoch, in the eastern part of the district, is composed essentially of 
sand with intercalated shales and gumbos; and in the western part of the 
field, it consists of shales and gumbos containing lenses of sand. The 
decrease of sand content from the eastern part towards the western part 
of the field is gradual. 

The sand is composed of about 95 per cent, quartz grains and about 
5 per cent, glauconite grains; it is fine grained and greenish gray to gray. 
Induration of portions of this sand have been caused by the deposition of 
secondary calcite, probably from circulating underground waters. 

Marlbrooh Formation 

The 225 ft. of sediments that have been assigned to this formation 
consist of light gray argillacoous limestone, bluish-black shale, and fine- 
grained white sand. The top has not been accurately determined, but is 
thought to be the contact of the sand bods above and the argillaceous lime- 
stone below. In the lower part of this formation there is about 18 ft. of 
sand that produces oil and gas. The base, also, has not been definitely 
determined but fossils found in the oil-producing horizon have been identi- 
fied as Marlbrook; as no fossils of this age have been recognized below 
this horizon, it is considered to be the base. 

•Determination by A. L. Selig, Paleontologist, AUantio Oil Producing CSo., 
Shreveport, La. 
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Annona Chalk 

Underlying the Marlbrook formation, at the outcrop, is the Annona 
tongue of the Austin chalk. It has not been identified with certainty 
in this part of Arkansas, as the well logs show no interval that is entirely 
comparable with the Annona at the outcrop. However, as this tongue of 
Austin chfdk varies from typical chalk to calcareous clay, it is probably 
present in Union County, but because of this lithologic variation it may 
not be easily distinguished from the overlsdng formation.* The upper 
boundary is provisionally drawn at the upper surface of a persistent cal- 
careous shale bed. The Annona as thus identified consists of dark gray 
calcareous shale containing a small amount of sand; the thickness is 
about 900 feet. 

Brovmstown Formation 

A group of beds about 145 ft. thick is tentatively correlated with 
the Brownstown formation ’’ It is composed of sand, shale, and sandy 
shale, aE of which is more or less calcareous. The sand beds are uni- 
form in thickness, fine-grained, and light gray; the shale is bluish black 

Blossom Formation 

The horizon called the Blossom, in this field, consists of 76 ft. of sand, 
sandy shale, calcareous sandstone, and shale. The sand varies from 
gray to green and in places is very micaceous. The Blossom oil sand, 
locally called the '‘2600-ft.'’ sand, is a member of this formation. 

Eagle Ford and Woodbine Formations 

The Eagle Ford and Woodbine formations may be described together 
as there is much uncertainty regarding their separate identities. There 
may be as much as 600 ft. of limey shales and cla3n3 between the Blossom 
sand and the Woodbine.* These three formations. Blossom, Eagle 
Ford, and Woodbine, have been grouped together as the Bingen formation 
in southwestern Arkansas, because in Little Eiver County the Ea^e 
Ford formation has thinned out and the Bingen sand is the combined 
thickness of the Blossom and Woodbine formations. In the Smackover 
area, however, the Blossom and Eagle Ford have been recognized and 
the underlying sand containing lignite is strongly suggestive of Woodbine.* 

The Eagle Ford formation is composed of black gummy Hha,!**, and 
is about 96 ft. thick. The Woodbine sand which imderlies this shale, 

0 Qfi from the Naoatooh Sand, El Dorado, Arkansas. U. S. Qeol. Survey, 
Press Notice (Fd>. 7, 1922). 

^ Fetsonal oommumcatio& from A. L. Selig. 

• J. P. D. Hull: Notes on the Stratigraphy of Producing Sands in Northern 
Louisiana and Southern Arkansas. Am. Assn. Pet. Qeol. BvU. (1923) 7, 866-367. 

■ Idem., 368. 
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about 66 ft. in thickness, is fine grained, dark gray to brown, and is usually 
very hard, due to consolidation of the beds by calcareous cement. This 
horizon produces oil in the El Dorado field. Beneath this sand there 
is about 160 ft. of beds logged as limestones and red and blue gumboes 
and shales, which are here correlated with the Woodbine, because red 
shales and clays have been noted along the outcrop at the base of the 
Bingen formation. 

Lower Cretaceous System 

Not much is known regarding the Lower Cretaceous formations in 
this part of Arkansas, and only one well, the Humphreys Oil Co., Massey 
No. 1, in sec. 17, T.16S., R.15W., which has drilled to a depth of 3480 ft. 
has probably penetrated them. 

The PaonucTivE Sands 

The oil and gas in the Smackover district are produced from three 
sands— the Nacatoch, Mcakin, and Blossom. 

The Nacatoch Sand 

The Nacatoch horizon contains the most important producing sands 
in the Smackover district and is 160 ft. thick, consisting of variable 
amounts of sand intercalated with shale and gumbo. In general, the 
amount of sand is greater and more consistent in the eastern part of 
the field; while in the western part the horizon consists mainly of shale 
and gumbo, in which there are scattered lenses of sand. Because of 
differences in texture and porosity of the sand, the content of oil, gas, 
and salt water is quite variable in different wells. The entire thickness 
of sand foimd in a well is seldom productive; parts of it may bo dry while 
other ports may contain gas or oil and gas under tremendous pressure 
or salt water. These "streaks” or “pockets” are separated from one 
another mainly by layers of quartzitic calcareous sandstone, called “cap 
rock” by the drillers, and to a minor extent by the intercalated gumbos 
and shales. An examination of the calcareous material shows it is 
mainly of secondary origin and probably deposited by circulating under- 
ground water. Deposition of carbonates along the circulation channels 
probably caused the formation of a network structure that divided the 
porous sand bods into “pockets” of sand, some of which are connecting. 
Notwithstanding these impervious barriers, this sand has been immensely 
productive, but the yield is not nearly so great as one would expect 
from a sand bed of this thickness. The total oil and gas area in the Naca- 
toch sand in the Smackover field is about 42 sq. mi., of which about 2 
sq. mi. contain gas only. The gravity of the oil obtained from this sand 
varies from 19® to 26® B4. 

w H. I). Miser and A. E. Fatdue: Asphalt Deposits and Oil Conditions in ^th- 
westero Arkansas. XT. S. GeoL Survoy BvU, 001 (1910) 282-201. 



1084 BMACKOVBB OIL FIELD, OtTACHITA AND UNION COUNTIES, ABK. 


The Meakin Sand 

This sand has previously been known by various names, such as 
the “2200-ft.” or “2300-ft.” sand, and the “light oil” sand. The name 
Meakin is proposed for this sand, from the name of the farm on which 
the first producing well was drilled. 

The Meakin sand lies about 360 ft. below the Nacatoch formation, 
and is found at an average depth of 2280 ft. It is productive of oil in the 
northwest part of the Smackover district, and is productive of gas in the 
vicinity of Kenova. The sand is about 18 ft. thick, and consists of fine- 
grained sand, comparatively hard, and uniform in texture and porosity. 
The cap rock, from 2 to 6 ft. thick, is extremely hard. In some localities, 
a soft white sand is found overlying the Meakin with a maximum thick- 
ness of about 10 ft., and in it good shows of oil and gas are found. About 
8 sq. mi. produce oil and gas from the Meakin sand in the Smackover 
district The gravity of the oil is about 26® B4. 

The Blossom Sand 

About 620 ft. below the Nacatoch is the Blossom sand, from which 
oil has been produced in the western part of the Smackover district. 
It is about 10 ft. thick and consists of fine-grained, glauconitic, micaceous 
sand, and in color varies from dark gray to green. The texture is quite 
uniform, but the porosity is variable; the hardness varies with the 
porosity. The area, where this sand is productive, covers about 1 sq. mi. 
The gravity of the oil is 17° to 20° B4. Underlying this sand is about 
45 ft. of shale containing thin streaks of sand, usually a few inches in 
thickness, some of which are saturated with oil, but up to October, 1923, 
only one commercial well had been completed in this stratum. 

Stbuctubb of Smackovbb Field 

Structural conditions in southern Arkansas can scarcely bo deter- 
mined from surface exposures, because of the broad mantle of surficial 
deposits, the lack of consolidation, the crossbedding and the deep weather- 
ing of the Tertiary sedunents. Exposures in the field itself are infre- 
quent, owing especially to the central position of Smackover Creek; 
and only two or three exposures are thought to be reliable. These show 
that the strata dip south m the southeastern part of see. 8, T.16S., I1.15W., 
and dip northeast in the southeastern part of sec. 22, T.ISW., R.16W. 
and dip northward in the western part of sec. 26, T.16W., R.16W. 

The contours of the subsurface map. Fig. 3, are based on the top of 
the Nacatoch oil and gas horizon. The structure of the eastern part of 
the field was obtained by taking sand records of the Nacatoch sand which 
vary greatly over short distances because of inaccurate logs made by 
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the rotary method of drilling; and because of the varied lithologic char- 
acter of the Nacatoch. The calculations made from the individual logs 
were checked with those adjacent wells; if a log was different than the 



majority of the adjacent logs, it was eliminated as inaccurate. A map, 
made xmder such conditions, is more or less generalized. The lithologic 
changes in the Naoatooh were noted, as far as it was possible, by means of 
cross-sections. 
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Contours in the western part of the district were determined by taking 
the depths of the Meakin sand and interpolating back to the top of 
the Nacatoch oil and gas horizon. This was done because of the argillsr 
ceous character of the Nacatoch formation over a greater portion of 
this district, which makes it impossible to follow any one horizon. 

The major structural feature of the Smackover district is a broad, low 
nose about 13 miles long and 5 miles wide, the axis of which extends in an 
easterly direction from the southeast part of T.16S., I1.17W., to the east 
central part of T. 16S., R. 15 W. The sides dip to the northeast and south- 
east into synclinal areas. The axis of the syndine on the northern 
flank lies al^ut 3 miles north of the anticlinal axis, and the axis of the 
syncline on the south lies about 6 miles south of the anticlinal axis. 
Superimposed on the east end of the fold is the Norphlet dome, the long 
axis of which trends dightly east of north at right angles to the trend of 
the major fold. West of this dome the folding becomes more irregular 
and consists of a prominent terrace, the Louann terrace — ^named after 
the town of Louann, which is bordered by several minor undulations. 
Separating the Norphlet dome from the Louann terrace is a large struc- 
tural saddle, which is named the Renova saddle. The Nacatoch exhibits 
some minor irregularities that are apparently not reflected in the two 
lower sands. This difference is usually caused by sand lensing and the 
top of the dome usually coincides with the thickest part of the lense. 
In spite of these irregularities the general structure of all three sands are 
considered to be the same. 

Nobphlet X>oue 

The Norphlet dome is the largest feature in the Smackover fleld, 
occup3dng about 25 sq. mi. The top of the dome occupies the south part 
of secs. 4 and 5, and the north part of secs. 8 and 9, T.16S., R.15W. 
The dips on all sides of the dome are gentle but are steepest on the north 
and northeast sides, amounting to about 35 ft. per mi. The beds on 
the east side dip about 30 ft. per mi. and on the south side dip about 20 ft. 
per mi. The dip on the west side is only 18 ft. per mi. The elevation 
of the apex, referred to the top of the Nacatoch productive horizon, is 
about 1800 ft. below sea level. The closure amounts to about 35 ft. 
The Nacatoch is the only sand productive of oil on this dome, in Oc- 
tober, 1923. 

Kbnova Saddle 

The Kenova saddle lies between the Norphlet dome and the Iiouann 
terrace. The axis is, in general, parallel to the long axis of the Norphlet 
dome, and extends, from the southwest part of sec. 13, T.16S., R.16W., 
in a northerly direction to the West part of sec, 30, T.16S., R.16W. 

The Nacatoch is a large producer of oil and gas on the north part 
of the saddle and produces gas with a small amount of oil on the top and 
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south parts. The Meakin sand contains dry gas on the middle part and 
the Blossom sand is productive on the south portion of this structure. 

LottjlNN Terrace 

In the western part of the field, the Louann terrace occupies the 
western half of T.16— 16S., and the eastern half of T.16— 16S., R.17W. 
It resolves itself to the west and northwest into the rising formations of 
the south and southeast dipping monocline. The beds of the terrace 
are not horizontal but pitch in a general direction toward the east, 
increasing from a slope of about 10 ft. per mi. in R.17W., to a slope of 
about 20 ft. per mi. in the east part of R.16W. The north and northeast 
sides of the terrace are bordered by the syncline that lies along the north 
side of the Smackover district, while the east side is terminated by the 
Kenova saddle, and the south side is bordered by the steeply dipping 
slope that characterizes this portion of the Smackover structure. All 
three of the sands are producers on the Louann terrace. 

A minor terrace exists in the western part of T.16S., R.16W., the 
axis of which extends from the southwest quarter of sec. 6, T.16S., R.15W., 
southeastward to the center of sec. 21, T.16S., R.16W. Separated by an 
embayment is a smaller terrace, the axis of which extends from the 
northwest quarter of sec. 11, T.16S., R.16W., south to the southwest 
quarter of sec. 14, T. 16S., R.16W. The Meakin sand is productive on 
the first terrace, and the Nacatoch has produced a small amount of gas 
and oil here: on the smaller terrace, the Blossom sand is productive. 
One of the most prolific pools found in the Nacatoch sand in the western 
part of the Smackover district is located on the embayment that separates 
these two terraces. 

Relation op Oil and Gas to Stbuctubb 

The relation of oil and gas to the structuro was studied by plotting, 
on the map, Fig. 1, the initial production, the thickness of sand, and 
thickness of productive zone in each well. An examination of this 
map shows the major Smackover structure to be productive of oil or gas 
over almost the entire area; that certain localities are much more pro- 
ductive than others can be attributed to the difference in the configura- 
tion of the strata of the major fold and to the relation of the porous 
medium to the structure. 


Nacaioch Sand 

The loose sand beds of the Nacatoch horizon are intercalated with 
indurated layers of sand and beds of gumbo and shale. These impervious 
sediments act as an effective barrier between the different porous layers, 
some of which contain oil and gas. Gas in the upper part of the horizon 
is found over the entire Smackover distriGt, except in a few localities of 
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small extent in the western part, where no porous beds exist. The 
pressure and volume are greatest on top of the Norphlet dome, where 
the wells have an average open flow capacity of 45,000,000 cu. ft. of 
gas in 24 hr., and a rock pressure of 850 lb. per sq. in. The volume of 
gas decreased only slightly down the north dip and large oil wells were 
obtained almost to the edge of the productive area. Down the east 
and south slopes, the volume and pressure decreased gradually away from 
the crest of the dome and, consequently, only small oil wells were obtained 
near the edge of the structure in these localities. The pressure and 
volume on the western slope, down to the axis of theKenova saddle, were 
usually large, with a maximum open flow volume of about 25,000,000 
cu. ft. daily. Large quantities of oil are found on the western side of 
the dome. 

In the Burton pool, the open flow volume of some of the gas wells 
ran as high as 30,000,000 cu. ft. on the relatively flat part of the structure 
in sec. 29 and the western half of sec. 28, T.15S., I1.16W. Oil is foimd 
on the relatively steep slope in the eastern half of sec. 28 and the western 
half of sec. 27, T.15S., I1.16W. The line of contact between the oil and 
gas coincide, approximately, with the line that marks the change in dip. 
There is a belt of Nacatoch oil, about ^ mile wide, which extends south- 
ward from sec. 28 into the eastern half of sec. 33, T.15S., I1.16W., and 
coimects with the Broderick and Calvert pool to the south in sec. 9, 
10 and 16, T.16S., I1.16W. The oil and gas in the Broderick and Calvert 
pool are found on the relatively steep southeast slope that borders the 
Louann terrace. The plane separating oil and salt water on the north 
and east sides of the Norphlet dome has an average depth of 1910 ft. 
below sea level; on the south side it is about 30 ft. higher. 

Meahin Sand 

Oil and gas occur in the Meakin sand entirely on the Louann terrace 
in the northwestern part of the Smackover district. The western 
boundary of the Meakin production extends about ^ mile west of the 
range line between B.16-17W. The area extends about 2 miles east 
of this range line over the relatively flat area of the Louann terrace. 
Southward the production runs to the edge of the terrace but the exten- 
sion to the northward has not been determined. 

The plane separating salt water' and oil is very definite; it is found 
about 2150 ft. below sea level, which coincides about with the 1790-ft. 
contour on the Nacatoch horizon. Dickson-Springer, Campbell No. 1, 
in 13, T.16S., R.17W., which is an isolated w^ in the extreme south- 
western part of the Smackover district, is an exception to this; oil was 
found 2186 ft. below sea level. The elevation used to determine this 
correlation has not been checked. Whether there is an error in elevation 
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or well measurement, or whether this is a separate accumulation of oil 
from that farther nor^ in the Meakin sand is not determinable. 

Dry gas is found on the top of the Kenova saddle in the Meakin sand 
at about 2220 ft. below sea level, or about 70 ft. below the plane of the salt 
water and oil in the Meakin sand on the Louann terrace. The open- 
flow capacity of these wells runs about 30,000,000 cu. ft. daily. One 
well far down on the south slope of the Norphlet dome has been drilled 
to the Meakin sand in the eastern part of the Smackover district; no 
other well has yet drilled below the Nacatoch sand on the dome. 

Blossom Sand 

Two areas of production in the Blossom sand, neither of which is 
of great value commercially, occur in the western part of the district. 
The small terrace in sec. 10 and 11, T.16S., R.lflW., is productive in the 
Blossom sand on the south and east sides; and in the southwestern part 
of sec. 4 and the northwestern part of sec. 9, T.16S., R.16W., oil is found 
on the southeastern part of the Louann terrace. Whether production 
is present in the Blossom under the Norphlet dome is not known, as the 
higher part of the structure has not been tested. 

Water in the Sands 

Water in the Smackover district can be conveniently divided into 
three general classes; top water, water that comes from above the first 
producing sand; bottom water, water that lies below the producing sand 
and is separated from the oil and gas by impervious beds; edge water, 
water that holds oil and gas on the higher structural position. 

Top Waier 

There is a great amount of top water in the Smackover field in the 
various sand beds in the Tertiary sjstem. There are, however, two water 
sands that axe important because of their persistence and because of 
the great volume of water they cany. These horizons are termed locally 
the “flOO-ft." and the “900-ft.” sands. 

The 500-ft. sand is found at an average depth of 500 ft. bdow the sur- 
face and about 1400 ft. above the top of the Nacatoch. It is about 50 ft, 
thick and consists of unconsolidated soft white to yellow sand. The 
water, which is frei^, has a maximum flow of 20,000 bbl. per day. The 
900-ft. sand is found at an average depth of 950 ft., and usually consists 
of about 90 ft. of soft sand. The water may be fresh or brackish and in 
several wells it has been slightly salty. The maximum water flow from 
this sand is about 20,000 bbl. per day. 

The gas liberated from the cratered wells causes the pressure that 
makes these large flows, and which has led many to believe that the 

TOXta 3UKX.— ^0 
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water is artesian. Much trouble in drilling has been caused by these two 
water horizons, as at their depths the pressure exerted by a column of 
drilling fluid may not be great enough to hold the water down; when these 
water flows start, they bring to the surface large amounts of sand, causing 
the formation of a cavity with the consequent loss of the hole. 

Bottom Water 

A study of the Nacatoch horizon shows it to be very difficult to deter- 
mine the exact positions of the oil, gas, and water, with relation to one 
another, for the sands are of different porosities, and contain thin shale 
partings and layers of indurated sandstone. Streaks of water under 
pressure are 'found by some wells rather high up in the sand, which fact 
led many drillers to decide that bottom water had been struck, and it 
was so recorded in the logs. These streaks are thin water sands that 
extend into the oil sands, separating the producing beds oftentimes 
into two or more parts. 

Where bottom water is encountered on the north, west, and south 
sides of the Norphlet dome at an average depth of 1925 ft., it is separated 
from the oil and gas by thin layers of calcareous sandstone. This water 
has not been found in aU wells as in several localities the sand is quite 
variable, impervious shale and gumbo being found at the horizon in 
which water wfis expected. A stray lens of water sand lies about 25 ft. 
above the bottom water, and is encoimtered in wells in sec. 6, except in 
the extreme southwestern portion, and the northwestern part of sec. 5, 
T.16S., R.16W., and a small part of sec. 1, T.16S., E.16W. This water 
is separated from the oil and gas by the thin layers of cap rock and is 
continuous beneath with the main body of bottom water. The top of 
this water is found at a depth of about 1900 ft. below sea level. On the 
east side of the Norphlet dome, and embracing practically all of the 
territory east of a line from the center of sec. 15, T.16S., R.16W., 
north to the center of sec. 33, T.15S., E.15W., bottom water is found at a 
depth of 1900 to 1910 ft. Along the eastern edge of the field, this water 
horizon merges with the edge water. 

In the western part of the Smackover district, where the accumula- 
tion of oil and gas occurs in a sand lens, little or no salt water has been 
found. The Burton area, up to November, 1923, had no salt water. 
In the Broderick and Calvert pool, a few wells record salt water below 
which another productive horizon is sometimes found. 

Edge Water 

Water is found on all sides of the Norphlet dome backing up the oil 
and gas, with the exception of the western side. On the northern and 
northwestern sides, edge water was found about 1910 ft. below sea levd. 
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On the southern side of the dome, the water line is about 30 ft. higher, 
being found 1880 ft. below sea level. Edge water is not present on the 
western side of the dome as this is structurally higher than the other sides 
and the impervious character of the Nacatoch horizon here preclude any 
possibility of containing liquids. 

Meahin Sand 

The water conditions in the Meakin sand are much more regular 
than in the Nacatoch. On the Louann terrace, there is apparently no 
separation by impervious material between the oil and gas and salt water. 
The line of contact between the two lies about 2150 ft. below sea level. 
The water extends westward under the oil, maintaining an almost con- 
stant depth. The gas in the Meakin sand..in sec. 1, T.16S., 11.16 W., is 
associated with salt water found at a depth of 2220 ft. below sea level. 

Blossom Sand 

Water conditions in the Blossom sand are poorly known because of 
the inaccuracies of weU records. In sec. 4, T.16S., R.16W,, on the 
Louann terrace, salt water is found in most of the wells accompanying the 
oil. Southeastward and down the dip, the amount of oil in the wells 
decreases with a corresponding increase in the amount of salt water. 
The line of contact between oil and water is about 2420 ft. below sea 
level, which corresponds approximately to the 1800-ft. contour on the map. 

PossrBLB Causes of Folding 

Causes of folding in the Smackover district are not weU understood, 
but the foUowing hypotheses have been considered and the folding may 
be due to one or more of them; the uneven condensation of sediments due 
to the differential compression of beds of sand, shale, and limestone; 
lenticular form of the Nacatoch sand; superposition on an orosional 
feature or fault scarp; tangential compression. 

Differential Compression of Strata 

Blackwolder argues that the folding of strata, with low dips, is due 
to the differential compacting of sediments of shale, sand, and limestone.'^ 
He attributes the degree of folding of the strata as being dependent on the 
relative thickness of the underlying beds capable of being condensed. 
That is, beds that were relatively hard, such as limestones or sand beds, 
could not be compressed verticaUy into as smaU a space as muds. Evi- 
dence that this process has been effective in the Smackover field cannot 
be proved, but strong suggestions of it are noted. In the central part 

» Eliot Blaokwelder: Orl|^ of the Central Eansas Oil Domes. Am. Assn. 
Pet. Geol. Bu8. (1920) 4 , 89-94. 
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of the Norphlet dome, the Nacatoch horizon is a relatively hard calcareous 
sandstone, which grades laterally toward the outer part of the structure 
into loose sand; around the edge of the structure the Nacatoch horizon 
locally consists of shale. 

If the lenticular form of the Nacatoch sand is a contributory cause of 
the folding, it would probably affect only the Nacatoch sand as this 
is the first producing sand encountered. At many places around the field, 
the Nacatoch sand piuches out; and throughout the field, it is very irregu- 
lar in thickness. In a well on the east side of the Norphlet dome, in 
sec. 14, T.16S., R.15W., the Nacatoch sand was missing. On the north 
side of the district, in sec. 20, 21, and 24, T.16S., B,.16W., no sand was 
found. Westward, from about the R.i5— 16W. line, the sand thins 
perceptibly; and in the west part of T.15S., and T.16S., R.16W., practically 
no sand is found. 

Superposition on an Erosional Feature 

The Smackover fold may be superimposed over a topographic feature 
on the pre-Cretaceous peneplain, or it may be superimposed on a fault 
scarp, the northern side being the downthrow side, in the basement rocks. 

The pre-Cretaceous peneplain upon which the Cretaceous sediments 
were deposited may have had slight irregularities on the surface. Such 
a one may have existed in the Smackover area, in the form of an escarp- 
ment wiih a steep northern slope and gentle southern slope over which 
the Cretaceous and Tertiary sediments were deposited. Subsequent 
settling of the deposits may have caused a reflection in the younger 
strata of this older hill. 

TangenHal Compression 

Compression may have been exerted to produce the major fold either 
from the geosynclinal prism of sediments on the south, or from the ancient 
land mass on the north, known as the Ouachita mountains, or from a 
combination of both. There has apparently been another force acting 
from the east, probably the pressure exerted from the geosynclinal 
prism of sediments to the east. This evidently produced the north and 
south axis of the Norphlet dome, the corresponding northern half and 
southern h«df of the El Dorado field, and the similar axes of the Sabine 
and Monroe uplifts. 

Causes or Accumulation 
Nacatoch Sand 

The cause of accumulation in the Nacatoch sand is thought to be 
a combination of structural conditions, lenticularity, and discontinuity of 
reservoir beds. On the Norphlet dome, the accumulation is controlled 
on the north, east, and south sides by the flanks of the dome: on the west 
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side an effective barrier is formed by shale, gumbo, and calcareous sand- 
stone. If the hydraulic theory of the accumulation of oil is accepted, 
the direction of accumulation is from the south and southeast, as the 
contact of water and oil is lower on the north than on the south side and 
on the north side of the field the Nacatoch sand generally pinches out. In 
the western part of the Smackover district, the accumulation is caused 
by the lenticularity of the sands. The sand in the Burton pool is thickest 
in about the center and thins to the north and south and grades into 
impervious sandy shale to the west and east. In the Broderick and 
Calvert pool, the sand leasing is very evident. In the northern part of 
sec. 9 and 10, T.16S., R.16W., production is derived from a lens in about 
the center of the Nacatoch; farther south, in the north part of sec. 16, 
T.16S., R,.16W., oil is derived from a lens farther down in the horizon. 
The narrow strip of production that connects the Bmion and the Broder- 
ick and Calvert pool is not entirely productive, as only in certain localities 
does the N acatoch contain porous sand. The hydraulic theory can hardly 
account for the accumulation ip the western part of the field as the dis- 
continuity of oil would prevent the migration of fluid through the sand 
lenses; furthermore, little or no water is found in them. It is assumed 
that the oil is derived from the black shales that underlie the Nacatoch 
and form a part of the Marlbrook formation; and that oil has migrated 
vertically from the Marlbrook formations upward into the porous beds 
of the Nacatoch. It is assumed, in this part of Arkansas, that the black 
shales of the Marlbrook are probably a source of the oil that is found in 
the Nacatoch. 

Meakin Sand 

The accumulation in the Meakin sand is caused mainly by structural 
conditions, and by the textural changes in the sand that prevent the 
migration of the fluid up the dip. On the Louann terrace, the accumula- 
tion is blocked on the west by the impervious layers of sandstone filled 
with calcareous cement; on the south and east sides, salt water backs up 
the oil. It is probably that the fluid migrated from the south and that 
the oil may be derived from the overlying black shales of the Marlbrook 
formation. On the west side of the Kenova saddle, in secs. 2 and 3, 
T.16S., B.16W., no porous sand is found at the Meakin horizon, but 
farther east, in sec. 1, T.16S., 11.16'W., gas is found. It is thought, 
therefore, tl^t the gas is affected by the textural change on the west 
and by the configuration of the strata on the other three sides. 

Blossom Sand 

The accumulation in the Blossom sand is caused by structural condi- 
tions and discontinuity of porous sand beds. The productive areas of 
this sand are on terraces and the accumulation up the dip is barred by 
the decrease in the porosity of the off-containing beds. 
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Peoduction 

The daily production of the entire field during the month of September 
was 108,000 bbl. of oil from 960 wells. The largest daily production, 
from the smallest number of wells, was during the latter part of December 
when about 100,000 bbl. of oil daily was produced from about 130 wells. 

Initial Production 

A study of the initial production of the wells was made in order to 
note their relationship to the structure of the field, and also from the 
viewpoint of the effect on the neighboring wells. The initial production 
map, Fig, 1, was made by plotting the first 24 hr. gage. It does not show 
the exact relationship of “^e initial productions to one another, because 
drilling in the northwest part of the field was practically completed before 
active drilling commenced elsewhere. As a result of the waste of gas in 
this drilling, there was a great decrease in the pressure of* the gas, which 
decreased the initial output of wells. Attempts were made to draw a 
curve showing the decline of initial production because of decreased gas 
pressure and then refer the initial production of all the wells to the original 
pressure in the field, but in a field of this size conditions are quite variable, 
so the attempt was unsuccessful. 

Nacatoch Sand 

The initial production of the wells producing oil from the Nacatoch* 
was dependent on the position of the well with reference to the structure, 
the amount and porosity of the sand encountered, and the proximity 
of neighboring producing wells. 

The north and west sides of the Norphlet dome and the north part 
of the Eenova saddle formed the first productive area. This, as a whole, 
was one of high oil production and wells with large initial production, 
5000 to 20,000 bbl., are scattered over it. As a rule, these gushers offset 
wells with small initial production. The wells with the large initial 
production, 10,000 to 20,000 bbl., were practically all brought in during 
the first few months of drilling, as there was no conservation of the gas 
during the first 8 months, with the result that the gas pressure diminished 
considerably. This decrease was probably one factor that caused a 
decline in the size of the wells that were drilled later on the dome. On 
the east and south sides of this fold, the largest weUs were found just 
below the gas and farther down the slope; near the edges, the amount of 
gas decreases with the result that small wells were finished near the edges. 
The position of the wells with reference to structure in the western part 
of Smackover was of minor consideration. 

The amount and porosity of the sands are probably the next most 
important factors concerning initial production. The constituents of 
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the Nacatoch Horizon change laterally over short distances in the amounts 
of sand, calcareous sandstone, shale and gumbo. 

The wells with the large initial production always had a relatively 
large amount of porous or “loose” sand. Many wells that were most 
favorably located with reference to structure were either small or barren 
because of little or no porous sand in the oil-producing horizon. 

The proximity of adjacent producing wells had an important bearing 
on the size of the initial production. As a rule, the first well drilled to 
the producing horizon in a certain locality obtained the largest flush 
production; the offset wells were generally much smaller, although the 
sand, structural conditions, and gas pressure may have been very similar. 
This was the primary reason for the rapid and intensive dnlling program 
pursued in the field. Observations lead to the belief that the drainage 
of oil to the wells consists of channels leading from all directions into the 
well, and that the first well drilled establishes such channels which offset 
wells drilled later cannot break into. 

The initial production of the wells in the Nacatoch sand was from 
10,000 to 25,000 bbl. of oil daily; the average is 1050 bbl. The largest 
well completed in the district was the Burton Trustee, Hughes No. 1, 
in sec. 28, T.15S., R.16W. This well was not under control for about 
one week and the first gage after it was brought under control showed a 
production of 25,000 bbl. in 24 hours. 

Meahin Sand 

The area of high initial production of the wells finished in the Meakin 
sand is on the southeastern part of the Louann terrace, where the gas 
pressure is much greater than on the remainder of the terrace. The 
largest initial production of a well in the area of high production was 4000 
bbl. per day and the average initial production of all wells completed in 
the Meakin sand is about 165 barrels. 

Blossom Sand 

The largest initial production of wells completed in the Blossom sand 
was on the small terrace in sec. 10, T.16S., R.IG'W., where the maximum 
initial production of a single well was 300 bbl. The initial production of 
wells on the southeast part of the Louann terrace was about 50 barrels. 

DBUJiiNO Mbthods 

Rotary drilling is used in the Smackover district, though a few wells 
were drilled into the productive sands with cable tools. The Louisiana 
type wooden derrick is used; it is 112 ft. high and 24 ft. square at the base. 
The rotary equipment varies from old to new style rotaries, with single- 
cylinder steam engines. 
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The well is started with an 18-in. bit on the end of a 6-in. drill stem, 
and the hole drilled 40 to 100 ft. A 16-in. conductor casing is then set 
and cemented and driUing is continued with a 14j^-in. bit to a depth of 
about 600 ft. There, if necessary, 10-in. casing can be set in order to 
shut off the large artesian water flows found above that depth. If the 
water flows are successfully mudded off, the 10-in. casing is not necessary 
and the size of the hole is reduced to 9)4 hi" Drilling is continued to a 
depth of about 1980 ft. with a bit on a 4-in. drill stem, where the 

6-in. casing is set and cemented. If the lower producing formations are 
to be tested, in case the test on the first producing horizon found at 1950 
ft. to 2150 ft. is dry, 8-in. casing is set instead of the 6-in. casing. Usually 
the casing is set in gumbo. The 6-in. casing is set with 76 to 100 sacks 
of cement, and allowed to stand for at least 6 days. The single-plug 
method for setting the casing is the one most widely used. 

After 6 dasrs, the casing plug is drilled and the casing seat tested; 
the well is then ready to drill in. This is done with a bit, on drill 

pipe, which is made up of 200 ft. of 3-in. on the lower part and 4-in. on 
the upper part; this size hole is carried through the oil sand. 

After completing the hole to its total depth, the liner is set. Most 
wells are finished with a perforated liner but in some cases a screen liner 
has been used. The perforated liner consists of 4J4”iii" or 6-in. line pipe 
with drill holes. The usual practice is to set perforated pipe opposite 
the entire thickness of possible productive sand. This takes from 60 to 
80 ft. of perforated pipe for the &st productive sand and only about 20 ft. 
for the deeper producing horizons. Back-pressure valves are put in 
the bottom of the liners where drilling has stopped in soft sand, but where 
drilling has stopped in a hard streak no back-pressure valve is used. 
Enough blank liner is used above the perforated pipe to come up into 
the casing about 25 ft. Some operators have tried to increase tho amount 
of oil from a well by setting blank liner opposite the gas sand and by 
setting perforated liner opposite only the oil-bearing sand; this has been 
only partly successful because the oil and gas are contained in the same 
sand and it is not possible in a rotary-drilled well to note the contact 
of the two. A wooden wash plug in the lower part of the liner, and just 
above the back-pressure valve, serves as a guide and packer to the wash 
pipe. The function of the wash pipe is to cany all the mud down through 
the perforated pipe, so that it may pass' up outside the liner and casing. 
On the top of the liner is attached a packer, which is used to secure a 
ti^t joint between the top of the liner and the casing into which the 
liner projects. Wash pipe, which is usually 2-in. line pipe, is made up 
and put into the liner, the bottom of the wash pipe being held in place 
at the bottom of the liner by the wooden wash plug and the top of the 
wash pipe fits into a swedge nipple so that it may be withdrawn after the 
well is washed. The liner, packer, and the wash pipe are then run on a 
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string of drill pipe to the bottom of the hole and the well is washed with 
clear water. The length of time that a well should be washed is a matter 
of personal opinion, and varies from a few hours to a day. Some opera- 
tors do not wash their wells but depend on the gas cleaning the walls of 
the productive sand. 

After setting the liner and washing out the mud from the sand, the 
drill pipe used for setting the liner is rotated and the liner is released. 
The pipe above on the top of the liner is let down upon the packer and 
the lead in the packer is forced out against the casing. This insures a 
good tight pack. The drill stem is then removed from the hole and the 
casinghead fittings attached. 

The casinghead fittings are known as a “Christmas tree” and consist 
of a cross placed above the master gate from which lead the two flow 
lines, each of which is provided with a gate valve. A nipple and 
another gate valve are placed above the cross. After the “ Christmas tree ” 
is put into place and the lead lines connected the well is ready to be bailed. 

Mud and water are then bailed from the hole and emptied into the 
slush pit. The bailer is run until all of the mud and water has been 
cleaned out of the hole and the oil allowed to flow through the perforated 
liner and to the top of the well. In many cases, in the Smackover district, 
the gas pressure is so great that the hole cleans itself and the well starts 
to flow after the bailor has been run a few times. 

The mechanical methods most commonly used for raising oil are 
the standard rig pump, compressed air, and swabbing. When a well 
that does not flow is brought in or when a well has stopped flowing it is 
“put on the beam” in order to pump it. This necessitates the building 
of a standard rig such as is universaUy used in “hard rock” oil fidds for 
operating a string of standard cable tools. There are no central pmnping 
power plants in the field, therefore every well has its own pumping 
installation run by a gas engine. The swab is much used in wells where 
the productive capacity is greater than can be bandied by the standard 
rig pump. Compressed air is used in wells where water is mixed with 
the oil to such an extent that large quantities of fluid must be handled to 
secure the maximum output from a well. The central air-pipe system 
is used in this district and consists of suspending the air pipe directly 
inside the casing. The air passes down the central pipe, which is usually 
2-in. tubing, and the fluid and air discharges between the air pipe and 
the well casing. 

DnCIilNB AND UliTTMATB PBODUrCXlOM' OF WbLIB 

It is practically impossible to obtain any definite idea of the ultimate 
production of this field, because of the dependence on a number of factors 
besides geologic conditions — such as the use of compressed air, swabbing, 
and the handling of the well. 
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Nacatoch Sand 

The total recovery of oil from the Nacatoch is going to be much 
less than the thickness of this horisson would indicate, because usually 
only a portion of the sand contains oil and gas. The north and northwest 
sides of the Norphlet dome will produce the greatest amount of oil because 
this area was the first section drilled and, therefore, it had a relatively 
high gas pressure. In addition, there is a greater amount of porous 
sand capable of containing oil in the Nacatoch horizon than elsewhere 
in the field. The fiush wells lasted about 40 days. When the wells 
stopped fiowing, they were either swabbed or compressed air was applied 
to them. The swabbing is less desirable than the air, as it has a tendency 
to suck in salt water; also the amount of oil produced in a day was not 
nearly as great as that of a well subjected to air. A well that has an 
initial production of above 2000 bbl. usually produced about 1500 bbl. 
of oil per day on swabbing, and as much as 10,000 bbl. of oil per day 
when subjected to air. After swabbing or the use of compressed air 
became improfitable, the weUs were pumped and sdelded 50 to 300 bbl. 
daily. The wells on the eagt and south sides of the dome produced, 
as a whole, less oil and declined much more rapidly than the wells on the 
north and northwest sides, because the active drilling of this area did not 
start until about six months afterwards and the gas pressure on the 
Norphlet dome had decreased to about one-half of what it had been at 
the opening of the field. The Nacatoch horizon also contains less porous 
sand capable of containing oil. The average age of a flowing well is about 
25 days; the average pumping output of a well here is about 100 bbl. 

Decline in output of oil and gas is much more rapid in the western 
part of the Smackover district. The gas pressure in the Burton area 
was much greater than elsewhere in the western district; also the thickness 
of the possible oil-bearing sand is greater, as much as 50 ft. being logged, 
which is about 40 ft, more than the average well possessed in the west 
district. The flowing wells lasted about 20 d&ya, and the pumping wells 
averaged about 75 bbl. In the Broderick and Calvert pool, flush pro- 
duction lasted only about 10 days, and the wells pumped about 60 bbl, 
daily. In the productive area connecting these two pools, the flush 
production lasted only for two or three days and the wells pumped only 
about 40 bbl. The decline in the wells is very rapid, as there is only 
about 5 ft. of producing sand in this area. 

Meahin Sand 

The decline of wells in the Meakin sand is much less than those in 
the Nacatoch. The wells with the large initial productions, 1000 to 
4000 bbl., flowed about 80 days. The average wells have a flush produc- 
tion of about 175 bbl., and some of these weUs flow for as long as four 
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months. The pumping wells average about 75 bbl. ^aily, and decline 
very slowly. This horizon is the most consistent producer in the field. 

Blossom, Sand 

Very few of the wells completed in this sand flowed. The largest 
flowing well completed made about 300 bbl. of oil the first day; flush 
production lasted only two or three days. These wells make about 50 
bbl. daily when put to pumping but soon decline; and after they are 
pumped for about a month the production is only about 20 bbl. per day. 
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The Electrical Dehydration of Cut Oil 

By F. D. Mahonb, Los Angeles, Calif. 

CTulsa Meeting, October, 1923) 

Much crude oil, as produced from the well, carries varying amounts of 
water, which may be present as free water in globules suflSciently large 
to settle out, in time, if the fluid is allowed to stand, or as an emulsion 
formed by myriads of minute water particles, each surrounded and 
entrapped by a filrn of oil through which it cannot break under the action 
of gravity alone. Such an emulsified mixture of oil and water is commonly 
termed “cut oil.” 

When such an emulsion is subjected, under proper conditions, to the 
influence of a high-potential alternating-current field, the minute water 
particles rupture the enveloping oil films and coalesce into larger 
water droplets this procedure continuing until all the water is freed into 
drops of such size that they readily settle out. This action has been 
photographed by the micro-moving-picture camera; under the micro- 
scope, the breaking-up of the emulsion, as described, is seen to be accom- 
plished in a few seconds. 

The low power requirements of the process, from records of com- 
mercial plants, substantiate the theory that the action is that of a multi- 
tude of electrical condensers in series, rather than that of a number of 
conducting paths. The minute water particles serve as the metallic 
elements, or plates, of the condensers and the separating oil acts as the 
dielectric. Such surface charges as the particles may have are removed, 
and the intervening oil is broken, probably electrically by the voltage 
and mechanically by the attractive force between adjacent oppositely 
electrified particles. 

The principle of breaking up an emulsion under the influence of an 
alternating electric field was discovered by F. G. Cottrell and Buckner 
Speed, through experiments conducted, at the University of California, 
which resulted in a plant being installed on the property of the Lucile 
Oil Co. in the Coalinga Add, California, early in 1909. This plant was 
able to reduce 14rper cent, emulsion to less than 2-per cent, with 
commercial success. 

Standabd Cottbbll Appabatus 

The present standard Cottrell apparatus consists essentially of the 
electric treater and a settling or trap tank. The treater is a galvanized- 
iron tank approximately 3 ft. in diameter and 10 ft. hi gh, which oon- 
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stitutes the grounded electrode, and a number of circular disks mounted 
on a vertical shaft concentric with the shell and slowly revolved by 
gearing from a small motor. These disks form the live electrode, which 
carries approximately 11,000 volts and is properly insulated from the 
gearing and the rest of the treater. It is charged from one side of a 
high-potential transformer (the other side being grounded), the primary 
of ytfhich is excited from a commercial 220-volt alternating-current circuit 
through a suitable switchboard and regulating coil. Within the treater 
is a steam coil for controlling the temperature of the emulsion undergoing 
treatment. The cut oil enters the treater continuously and flows through 
the electric field formed at the annular space between the edges of the 
disks and the treater shell, where it is broken up, and the oil and water, 
now in the free state, pass to the trap ta n k. Here the water, with foreign 
matter and the salts held in solution, is continuously drawn off from the 
bottom, while the cleaned oil, taken out at the top through an adjustable 
swing pipe, flows continuously^ to the shipping tanks. 

The capacity per treater, depending on the character of the emulsion 
and other conditions, ranges from 200 to 1000 bbl. of pipe-line oil per day. 
The power consumption is between 25 and 75 watt-hours per barrel cf 
cleaned oil; the cost of electricity, at 1.5 cents per kw.-hr., averages 1 
cent for 10 to 25 bbl. The total cost, including steam, electricity, 
royalty, labor, repairs, interest, and depreciation is from % to 8 cents per 
barrel of net oil. This type of dehydrator is in general use in California, 
having recovered, in 1922, over 15,000,000 bbl. of pipe-line oil from cut 
production containing from 5 to 75 per cent, emulsion and averaging 
between 30 and 35 per cent. The gravity ran from 11® to 36® B5. The 
largest plant has fifty-four units and requires two operators. 

National Tbbatbb 

In the Qulf Coast fields, the National treater has been found to be 
better suited to the local conditions than the Cottrell. No trap tank is 
required, as the treater, 8 ft. in diameter and 15 ft. high,provides ample 
settling space for the treatment of Gulf Coast emulsions. On account of 
the relatively large throughput, preheating, by means of heat exchangers or 
otherwise, is usually employed. -However, the treater is provided with a 
welded-in steam coil for temperature regulation and use in starting up. 
The dectric field condsts of a number of fiat sheet-iron plates, alternately 
live and grounded, which are suitably suspended vertically in the upper 
portion of the treater. The live plates are charged to 11,000 volts 
alternating current. Cut oil is introduced near the bottom, passes up 
through warm water into the dectric field and is there resolved into dean 
oil and free water, the former flowing directly from the top of the treater 
to the shipping tanks, and the latter being bled from the bottom through a 
gooseneck, whidi insures that the treater must always be full. The 
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treating tank, built of riveted boiler iron, is entirely enclosed, and the 
system, from supply pump to shipping tanks, is completely vapor tight. 
The capacity of a National unit ranges from 500 to 3000 bbl. of pipe-line 
oil per day, the cost of treatment being about the same as with the 
Cottrell. In 1922, National treaters cleaned nearly as much oil as did 
the older type. 

New HF Treater 

After confflderable experimental work in field and laboratory, extend- 
ing over several years, a treater has been developed from which certain 
imdesirable features of former types are eliminated and which has several 
distinct advantages of its own. 

The cut oil to be treated enters the electric field immediately on 
entering the treater. This causes the switchboard voltmeter to register 
early any evidence of incomplete treatment there may be, thereby mi ni - 
mizing the chance of sending partly cleansed oil to the shipping tanks. 
The direction of flow through the field is almost horizontal, so that when 
the water settles, it takes the shortest path out of the remainder of the 
fluid and out of the field. An excess of salt water in the field affords too 
great conductivity, which lowers the difference in potential between the 
electrodes, and thus retards treating action. The electrodes are in the 
lower h^ of the treater, the upper portion containing cleaned oil. This 
makes insulation of the live electrode a simple matter and obviates 
insulator and bushing troubles. 

A novel method of agitation prevents prolonged short-circuiting and 
tends to muntain the required voltage. A float-operated contactor 
switch automatically opens the primary transformer circuit, should the 
treats oil level fall too low. It is thus impossible for a gas pocket at the 
top of the treater to become electrically ignited. The distance between 
electrodes may be quickly and easily altered, making the treater very 
flexible for changing conditions. Other advantages are ease of installation, 
portability, simplicity of operation, safety in life and fixe hazard, low 
depreciation, and low cost, in terms of barrels per day of throughput. 

The first commercial installation of this type of plant was in the 
Montebello fidd, California. One unit successfully cleaned 3000 bbl. per 
day. Several plants are in operation at Signal Hill, treating from 1600 
to 2000 bbL per day of cut oil. A sin^e unit installation at Luling, 
Texas, reduced 1600 bbl. per day, which was the pump capacity, of 20- 
per cent, emulsion to less than 0.5-per cent, emulainn, working at a 
temperature of 82” F. 

Heateng and Gasolinb Loss 

In a few instances, with the electrical process, no heating is required 
and the cut oil enters the treater as it comes from the well. Usually, 



DISCUSSION 


1103 


however, some heat is supplied, principally as an economic measure to 
increase the capacity of the plant. The effects of heating are to lower 
the viscosity and to increase the difference between the specific gravity 
of the oil and of the water. Some extremely viscous and rebellious 
Califomia emulsions must be raised to 180® F. to secure a proper cost 
relation between fuel consumption and throughput, while lighter oils 
treat satisfactorily at 120® F. or less. The average treater temperature 
of all Califomia plants is 135® F. Where a relatively high treater tem- 
perature is maintained, the use of heat exchangers will save fuel by giving 
heat to the incoming cut oil, and will lessen the loss of volatile matter in 
the cleaned oil by cooling it immediately as it comes from the treating 
tank. In both of the newer type treaters, the system may be made 
vapor tight from supply pump to shipping tanks. 

Unintbreupted Operation 

The electrical process gives best satisfaction when operated continu- 
ously, as a saving in heat, electric power and labor is effected. Unless a 
quantity of sand, mud or other solid matter is supplied to the treater, 
there is no need for cleaning the apparatus, an operation which consists 
only in removing a manhole cover and Pushing out with a hose. All 
water-soluble salts pass out in the water, and nothing is added to the oil 
for the refinery to contend with later. Although the power is supplied 
in the form of electricity, the separation is purely a mechanical one. 
Retrcatmcnt has never been foimd necessary, the first run giving oil-free 
water and, to pipo-line requirements, water-free oil. 

General Application 

The outstanding feature of the electrical process is its lack of limita- 
tion. It is handling, though not with equal ease, all types of oil-field 
emulsions, of all percontages, viscosities and gravities. 

DISCUSSION 

H. F. Wbigut. — ^Do any plants in the Mid-Continent fields use 
this method? 

Mb. Mahonb. — ^There are no plants in Oklahoma. The process has 
never, I believe, been tried on fresh production there. It has, however, 
been tried on tank bottoms, but with very poor success. 

Me. WaaiOHT. — What is the reason for this? 

Mb. Mabonb. — It is dilQElcult to treat out oil that has been heated, 
boiled, and allowed to stand and cool, unless this is mixed with fresh 
production. There was a six-unit Cottrell installation at El Dorado, 
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Kars., that operated successfully on fresh production, and, I believe, on 
tank bottoms, probably mixed. 

Me. Milliken. — ^What is the effect of the electric^ process when the 
percentage of emulsification is very large, yet the percentage of water 
is very small? 

Me. Mahons. — ^That is rather unusual, fe it not? 

Ms. Milliken. — ^That is the principal condition that exists at 
Smackover. 

Mr. Mahone. — Two National tsrpe plants are operating in the Smack- 
over field. One is operating quite successfully on a mixture of fresh 
production with storage oil; the other is a new installation — I do not know 
what it has accomplished. 
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Separation and Purification of Liquids by Centrifugation, 
with Special Reference to Petroleum 

By a. F. Mbston, New York, N. Y. 

(Canadian Meeting, August, 1023} 

CENTBiruoAL force has boon tised for centuries for separating liquids 
but machines for doing this are a comparatively recent development. 
The use of these machines is being extended into many industries but this 
paper is confined to their use in the oil industry. The centrifugal 
machine is found at the well where “cut oil” is dehydrated for acceptance 
by pipe lines; and in the refinery and byproduct plant. In fact, wherever 
finely divided suspended particles should be removed from an oil, there is a 
possible use for a centrifugal machine, if the particles have, or can be 
made to have, a specific gravity different from that of the oil. Centrifugal 
machines arc also used for cleaning fuel and lubricating oils and dehydrat- 
ing transformer oils. 


Avpucatioks Aim Ebsults 

When oil comes from the well mixed with water, it is spoken of as 
cut oil. Settling often does not remove sufficient water for the oil to be 
accepted by pipe lines, thus necessitating chemical or other treatment. 
Centrifuging alone, or following chemical treatment, effectively prepares 
such oil for pipe linos, as is shown by the following data: 


Watvb. Etc. 

TxtMPBBATcr&tt, Oil vo Pips Lma, at Start, 

Drobrbs F. Bbl. Pbr Hour Pbr Cbnt. 

Oklahoma lease... . 160 10 10 

Kansas lease 125 4 20 

On the Oklahoma lease, the machine was cleaned of solid material 
once in 12 hr. At first, it was thought that chemical treatment was 
necessary to start separation and 1 qt. of prepared oompotmd was added 
to each 100 bbl. of the cut oil before centrif u^g. Later it was found that 

▼OL. X**.— 70 


Watrr, Exo. 
AT FmxiB, 
P»r Cbnt, 

0.25 

0.25 to 2 
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if the oil settled somewhat before centrifuging, chemical treatment was 
unnecessary; heat and settling alone would not break the emulsion 
satisfactorily. On the Kansas lease, the oil was of 22® B6. with very 
small gasoline content. 

In Pig. 1 is shown an improvised set-up on a lease; the installations 
should be protected whenever possible because heat exchangers can be 
more conveniently used with them; heat exchangers save heat and 
furnish a means of quickly heating and quickly cooling the oil — an 
essential factor in minimizing gasoline losses, which is of great importance 
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when crude oil is purchased on a preferential basis. By their use, the 
undeaned oil going to the machines receives much of the heat necessary 
for effective separation from the purified oil that is leaving the machine. 

I 

Oil from Storage and Tank Bottoms 

Oil from storage tanks is cleaned in much the same way as out 
oil. The oil is heated, sometimes given a preliminary chemical treat- 
ment, and passed through the centrifuge. Heavy oils are harder to 
run than li^t oils and higher temperatures are required. The amount 
of contamination and the extent to which they are emulsified largely 
detennine the rate at which they can be cleaned. The following re- 
sults were secured on 16® B^. Texas coastal crude taken from storage; 
one of the ta nk s ran as low as 14® B6., necessitating the higher tern- 
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perature indicated. Chemical treatment, using about one-fourth as 
much chemical as was used for gravity settling, was found helpful. 

Oil pbom Earthen Storage, Texas Coastal, 14^-16® Bi. 

TziMPBRATUBa. To CBMTBXFaGAL, BOTTOM SaTTLINaS PLUB WaTBR GoNTBNT 

Dbobbbb F. Bbl. pbb Hb. Ingoino, Pbb Cbnt. Outgoing, Pbb Cbnt. 

180-200 5-8 10 (aver.) 0.25-3.0 

Refinery Applications 

At the rcfinoiy, crude petroleum is stilled and the products are chemi- 
cally treated, filtered, blended, and compounded. When refineries were 
supplied with hi^-grade Pennsylvania crude, they had no great difiS.- 
culty turning out high-grade products. Today the refineries are handling 
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many dificrcnt crudes, so chemical and special treatments are required 
if the finished products are to moot the exacting specifications. Experi- 
mental work defines the processes, which are then carried along on a 
large scalo under careful control and supervision. 

Centrifugal machines are well adapted to processes requiring careful 
control and are used extensively in experimental work and when special 
products are made. Extensive tests have shown that much is to bo 
gained by complete dehydration of some crudes previous to their stilling, 
as much of the magnesium salts and other detrimental substances can bo 
so removed. One refiner finds it advisable to put all his transformer oil 
through centrifugal dehydrators previous to (dipping. Fig. 2 shows a 
refinery installation. 
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Manufacture of Bright Stock 

Ceiitrifu.gal machines furnish the most effective means for econom- 
ically producing low-pour bright stock. Bright stock is the product 
obtained by filtering cylinder stock (the still residue, with 600® F. fire 
test, from^a parafl5ne-base crude) and then removing the amorphous 
waxes. These waxes (petrolatum) separate out and congeal, when left 
in the filtered oil, at comparatively high temperatures and prevent the 
oil from flowing or pouring. It has been the practice to remove the 



Fig. S.-^-IiirsTALLATioN fob manttfacotbb op bbiqht stock. 


petrolatum by cold (gravity) settling, but centrifugal machines arc now 
being used because of the more complete separation that can be obtained. 

Cylinder stock from Peimsylvania crude, blended with naphtha, 
filtered, and chilled to below 16® P. can be centrifuged at a rate of 200 to 
300 gaL of blended oil per hour per machine. The bright stock in solu- 
tion with naphtha flows from one spout of the machine and comprises 
85 to *92 per cent, of the ingoing solution. The remainder of the solution 
sludges out of another spout — when a low-bowl centrifuge is used, and 
consists of the amorphous waxes and naphtha. When the long-bowl 
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type of centrifuge is used, the waxes pass out with a liquid (brine or hot 
water) carrier. 

The oil or bright stock, after the naphtha is driven off, will have a 
pouring temperatTire of 20® to 30® F. The reduced waxes or petrolatum 
will have a molting point of 125® to 140® F. Fig. 3 shows a bright-stock 
installation. 


Centbifugal Fobce 


A body in motion moves in a straight line when not influenced by 
other forces. When a body, or particle, is noade to move in a curved 
path, the reaction of the body, or particle, against the force that causes 
it to move in this path is called centrifugal force. It is equal to the restrain- 
ing force but opposite in direction. 

If the particle moves with uniform speed about the center of rotation, 
the centrifugal force 



fl) 


in which M — mass of moving particle; 

V — speed of moving particle; 
iZ — radius of circle 

W 

Af(in poundaJs) = gg 17 
where W = mass, in pounds. 

F(in feet per second) = 


where R => radius, in feet; 

JV «= number of revolutions per minute. 
Substituting in ( 1 ) 


F 


F 


W /2rRNY 
32.17 ^ \ 60 / 
WBN^ 

2933 


■i-B 


( 2 ) 


The pull of the earth on a mass of 1 lb. is a force of 1 lb.; centrifugal 

BN* 

force acting on a rotating mass of 1 lb. exerts a pull of lb. Using 

this last expression, the centrifugal exerted force by any machine can be 
compared directly with the force of gravity. 

In machines using centrifugal force to separate materials of different 
specific gravities, the force available to produce separation depends 
on the difference in specific gravity of the two xnater^. (The values 
in the formula just given were based on the weight of a body in air.) 
If a particle is suspended in a liquid which weighs, in air, half as much 
per unit volume as does the particle, the effective pull a centrifugal 
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machine will exert on the particle is one-haJf of what it would have 
been had it been suspended in air; if the liquid weighs three-fourths 
as much, the effective pull is only one-fourth as great. The effective 
force on a particle suspended in a liquid is, therefore, 



where F' = effective force, in pounds; 

W = weight of particle in air, in pounds; 

8i = specific gravity of liquid; 

Si = specific gravity of particle. 

If iSfi is greater than St, the force is negative; that is, the particle 
tends to move inwardly toward its center of rotation. 

Centbifogal Machines 

The effectiveness with which a centrifugal machine removes suspended 
particles from liquids depends on the magnitude of the centrifugal force 
it exerts, the length of time the force acts upon the particles, and the 
distance the particles must move through the liquid before separation is 
accomplished. Very fittinll particles suspended in a liquid and acted 
upon by a constant force, settle at a more or less constant rate. Starting 
from rest, a small particle cannot obtain any appreciable velocity before 
the resistance set up by the liquid equals the force causing the acceleration 
and a constant rate of settling results; therefore, the time necessary 
for separation is directly proportional to the thickness of liquid to be 
transversed by the particles, assuming that the force acting remains 
constant. 

Almost as important as the removal of the particles, is the prevention 
of their re-entering the purified liquid. Eddy currents must not exist 
and the incoming unprocessed liquid must not come in contact with the 
outgoing purified liquid; and in the passages where the separation takes 
place, the particles or droplets must be compelled to coalesce upon 
and move along one side of a passage, only, while the main body of liquid 
from which they are being separated keeps to the other side of the passage 
as it moves in the opposite direction. Fig. 4 filustrates how inclined 
conical disks are used to divide the mixture to be separated into thin 
layers and how they permit a realization of the other conditions men- 
tioned. A centrifugal machine equipped with a bowl constructed as 
shown will be very effective even at moderately high speed. 

The centrifugal machines used for dehydrating and purifying oUs 
are intended for processes requiring more or less continuous operation. 
They will continuously sludge out most of the impurities that oils con- 
tain, but where sand and similar substances are met, some of the heavy 
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material is retained in the bowls of the machines and periodical cleaning 
is required. 

One type of machine in common use rotates at 6000 rev. per min.; 
another at 17,000 rev. per min. Such speeds are above the critical speeds 
of the machines; that is, at these high speeds the revolving bowl and 
spindle do not revolve around their geometrical axis but around an axis 
that goes through their center of mass. One type of machine, 
which supports the bowl from below, permits this change of axis to take 



place by providing a flexible guide bushing for the spindle just under the 
bowl. There is no bearing or guide above the bowl. In the other type 
of machine the bowl is suspended and rotated by a flexible spindle. 

Suspension of Pabticles in Liquids 

Finely divided and highly dispersed paxticles stay in suspension 
because they are of the same specific gravity as the liquid (which is not 
common) or because the liquid is so viscous that precipitation cannot 
take place, or because the particles are so small that molecular bom- 
bardment and electrical forces have a greater effect on them than does 
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the force of gravity.* Ejctremely small particles may never settle by 
gravity alone but most particles settle if given time enough. Stokes* 
has offered the following formula, which has been quite generally accepted, 
for computing the rate of fall: 

2rK8-S')g 
~ 9n 

where V = constant rate of fall; r = radius of particle; 5 = specific 
gravity of particle; S' = specific gravity of liquid; g = gravitational 
constant; n = coefficient of viscosity of liquid. 



^ 1 I I I I I I I K I I I M I I M M 
on /t 1715 J9 wzr 6364656667686970 77 7Z 73 M 
QBSEJiVED ^Be7 
Fio. 6. 


From this formula, the rate Y at which the particles will fall through 
the liquid can be increased if r or (/S — S') can be increased, or if a greater 
force than g can be applied. On the other hand, a decrease in the 
viscosity n will aid settling. The obvious way to increase the size of 
the suspended particles is to cause them to ag^omerate or coalesce; 
this subject will be discussed later. The use of centrifugal ma nhines 
as a means of obtaining a force greater than g has already been discussed. 

A common method of increasing the difference between the specific 
gravity of the particles and of the liquid is to change the temperatxire 
of the mixture, especitdly when the particles are droplets of water or oil 
in water and oil emulsions. Fig. 5 shows the weight, in terms of degrees 

* Jean Perrin: “Atoms,” 87. N.Y., 1916. D. Van Noetrsnd. 

* “Mathematical and Physioal PapeiB,” 8, 1901. Cambridge TTniv, Press. 
E. Cunningham: Proc. 'Baj. Boo. (1910) 88A, 867. 
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Baum^j of water and the weight of typical oils at difiFerent temperatures 
as compared with the weight of water at 60® F.* A rise in temperature 
decreases the weight of a unit volume of the oil more rapidly than that of 
water (because its mean coefficient of thermal expansion is greater) and 
makes separation and settling easier to accomplish. 

Chemicals are sometimes used to change the specific gravity of 
liquids. Common salt added to water makes a solution heavier than 
water and will aid in removing particles that are about the same specific 
gravity as water. Naphtha is added to oils to get liquids of lower 
specific gravity than the undiluted oils. 
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To deoroaso n, that is to make the liquid less viscous, the liquid can be 
heated. Fig. 6 shows the variation of viscosity with temperature m the 
case of a number of oils. A solvent may be added to decrease the 
viscosity; naphtha is added to oils, turpentine to paints, and alcohol to 
gums. 

BoiiS, Qans, Aim Eiculsions 

A sol is a suspension of estremely finely divided particles in a liquid.* 
The particles may be so small that the molecules of the liquid, darting 


• U. S. Bur. of Stand. Oir. 67; reeh. Paper 77. 

* Bdwaxd W. Washburn: “Principles of Physical Ohemistiy,” 436. N. Y., 1921. 
MoGrawHOl Book Oo. 
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back and forth because of their kinetic energy, keep the particles moving 
and they do not settie. The movements of these small particles (they 
are thougd^t to be In, ■which is 0.000001 meter, or less, in diameter*) 
caused by the molecular bombardment are called “Brownian move- 
ments.”* Particles less than O-bn are kept moving so ■vigorously that 
they never settle by gravity, so they must be agglomerated before they 
can be removed by gra^vity settling or, if extremely small, by centrifu- 
gation. The ag^omeration is called a gel.^ 

Small particles in suspension do not coalesce and ag^omerate because 
each one has absorbed on, or in, its surface either an electric charge or 
some protective film.*' • (Perhaps the explanation should be in terms of 
electric charges in either case.) Particles so protected are said to be 
peptiaed. Before precipitation can be realized, the protective film must 
be neutrsJized or removed; this is commonly done by adding chemicals — 
electrolytes.^® Heating too near the boiling point of the liquid may do it ; 
a strong electric field, as in the Cottrell-Wright-Speed process,** effec- 
tively breaks' down the films in some emulsions. 

Ag^omeration may be brought about by filtering the liquid. In 
refinery practice, there is an interesting illustration of peptizing sub- 
stances preventing particles from agglomerating; and the removal of these 
substances by filtering through fuller’s earth results in the sub- 
sequent formation of a gel. The residual obtained by running down 
paraf5ne-base crude in a fire and steam still imtil it gives a 600° F. fire 
test, contains the amorphous waxes known as petrolatum. It also con- 
tains impurities, seemin^y black in color, which are called asphalt or tar 
bodies. This heavy lubricating oil left in the stUl ■with the petrolatum 
and the impurities in it, ■will flow, or pour, imtil it is cooled down to 50° 
or 40° F.; but after the impurities are filtered out, the waxy particles that 
make up the petrolatum ag^omerate so readily that they prevent the oil 
from pouring below 86°, sometimes 100° F., and necessitate the removal 
of the petrolatum before the oil can be used as bright stock. Of course, 
the tar bodies may have something to do with the solubility of the waxes. 
It is not claimed, however, that the phenomena are totally explained in 
this simple fashion. 


* W. Oswald and M. H. Kscher: “Theoretical and Applied Colloid Chemistry,” 
162. N.Y., 1922. John -Waey & Sons. 

* Jean Pemn, loc. dt. 

* Wilder D. Bancroft: “Applied Gdloid Chemistry,” 162. N. Y., 1921. Mo- 
Graw-mU Book Co. 

* BidsdaleEllis: ZeU. Phyg. Chen. (1912) 80, 597. 

* Graham: Jnl. Chem. Soo. (1864) 17. a E. Sheppard: Jel. Ind. and Ene 
Chem. (1921) 18, 37. 

»» Burton: Phfl. Mag. (1906) 18; (1909) 17. 

** TJ. 8. Patents, 9871H -6f -6, -7. 
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The term gel** is broadly applied to all precipitated sols or colloids. 
It is applied to flocculent and crystaUine precipitates as well as gelatinoiis 
agglomerates. 

An emulsion is a mixture of immiscible, or but slightly miscible, 
liquids.** One of the liquids is continuous and is known as the external 
or dispersing phase; the other (or others) is sxispended in the first liquid 
in very fine droplets, and is known as the internal or dispersed phase. 
Usually water is the dispersed phase in a water-and-oil emulsion but 
sometimes it is the continuous phase and the oil is in droplets. The fine 
droplets of an emulsion are prevented from coalescing by protecting 
films,** similar to the films on the particles of a sol. The film-forming 
substance that gets into the interface between the water and oil is called 
an interfacial, or emulsifying agent. Soaps, tars, finely divided solids, 
and probably electric charges,** merely, act as emulsifying agents. An 
emulsion in which finely divided sand or silt reinforces the film made up of 
some other emulsifying agent is especially difficult to break.*® 

Some chemists and technologists attack an emulsion through the 
theory that films charged with unbalanced electric charges are surround- 
ing the particles,** and if the chemical used wiQ liberate ions of opposite 
sign in, or at, the interface, neutralization will take place, the droplets 
will coalesce, and separation of the liquids bo made easy. They call 
attention to the greater cffoctivenoss of bivalent and trivalent substances 
over monovalent ones. Ferric chloride, FeCls, and aluminum sulfate, 
AUCSOOj, arc quite active in this respect with many emulsions, while 
sodium chloride, NaCl, is relatively weak. On the other hand, many 
technologists use chemicals to dissolve something in the liquid of the 
dispersed phase (or in the interface) that will lower the surface tension 
of that liquid and so promote coalescence. For example, oleic-acid mix- 
tures are sometimes used to break watcr-in-oil emulsions.** Oil-solublo 
substances, like rosin soap,** can be used to break oil-in-water emulsions; 
the difficulty is to get the soap out of the oil afterwards. 


>* Wilder U. Bancroft: “Gdatinous Precipitates and Jollies,'* 236. N. Y., 1021, 
MoGnw-UiU Book Co. 

» W. Clayton: Soc. Chora. Ind. Iiondon (1919) 88, No. 10. 

M H. M. Piokoring: Jnl. Chom. Soo. (1912) 91, 2002. 

>• H. Helmholtz; Wied. Ann. (1879) 7, 337. Dr. The. Svodborg: Papers Faraday 
Soo. (1920). 

>* S. M. Pickering: /nZ. Chem. Soo. (1907) 91, 2010; T. E. Briggs: Jnl, Ind. and 
Eng. Chora. (1921) 18, 1008. 

u WUdoT D. Bancroft: Jnl. Phys. Chom. (1916) 19, 363; J. L. Shorriok: JnL Ind. 
and Eng. Chem. (1020) IS, 133. 
i<U. S. Patents 1223659. 

>* O. H. A. OIowob: Jnl. Phys. Chom. (1916) 80, 417. 
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The work of Hatschek,*® Langmuir,** and others has done much to 
give a clearer conception of the principles underlying surface tension, 
and so encourage the solution of emulsion problems with less of the hit- 
or-miss methods that formerly prevailed; for instance, the blow'ing up of 
oUs in refinery agitators. Sometimes agitating tends to break an emul- 
sion; sometimes it makes the emulsion “tighter.” 

Gibbs** discovered that a substance dissolved in a liquid will con- 
centrate in the surface layer if by so doing it will decrease the tension or 
energy of the surface layer relative to the body of the liquid; but if it is a 
substance that raises the surface tension of the liquid, it will remain in 
greater concentration in the body of the liquid than in the surface. In 
other words, a liquid (gases and solids, too) always tries to decrease its 
surface energy and distributes substances within itseK with this end in 
view. Soaps and other substances found in emulsions, which lower the 
surface tension of one or other of the phases, will, therefore, tend to con- 
centrate in siirface films. In “blowing up” an emulsion in an agitator 
or tank, a great amount of surface is created in the forming of the bubbles. 
Some of the soaps and other substances wiU concentrate in the bubble 
films and be carried off as a froth; some will stay behind. In this redistri- 
bution of the contaminating substances, there is the possibility of getting 
the proper balance of surface tensions and having the emulsion break; 
there is also the possibility of carrying away needed solvents and securing 
a tighter emulsion. 


DISCUSSION 

The Chaibsiait, Mb. Weight. — ^Is this method of separating wax 
from stocks to take the place of the wax press now used? 

A. P. Meston. — ^No; centrifugal machines are used almost entirely 
for the removal of the waxes that are in such finely divided form that 
they are said to be amorphous. These are commonly removed by cold 
(gravity) settling. These waxes have high boihng points. They are 
solidified and agglomerated by refrigeration and, associated with con- 
siderable oil, make up the product that the practical refiner ngils “petro- 
latum,” “pet,” or “petrola.” The term “wax” has been limited in the 
past to the crystalline wax pressed from the light neutrals and re-run distil- 
lates. By leaving larger and larger fractions in the still as residuals 
and handling these as the cylinder ^cks are now handled — ^in centrifugal 
machines — a greater portion of lubricating oils will receive centrifugal 

settling, and less wiU be left for the wax press. 

^ 

« “PliyBics and Chemistry of Colloids,” 1919. PML P. Blakiston's Son ft Co. 

« “ Mechanism of the SuriaM Phenomena of Motation." Proc, Paradav Soo 
(1920) 16, Pt. 3, 62. 

« J. W. Gibbs; Soientifio Papers 1 and 2. See works of Rooseboom. 
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Centrifugal Removal of Wax from Petroleum Lubricating Oils 

By Leo D. Jones, Philadelphia, Pa. 

(Tulsa Meeting, October, 1023) 

The use of the centrifuge for dewaxing lubricating oils grew out of 
the effort to secure better results than had been attained by the com- 
mon “cold settling” process. This process was the only known method 
for dewaxing steam refined cylinder stock (600° F. fire test), the product 
known as “bright stock” being commonlyused for building up “pressed,” 
i.e., dewaxed neutrals of, say, 200-sec. viscosity to a higher value. 
The process consisted of mixing the cylinder stock with approximately 
one and onc-half times its volume of naphtha, heating to dissolve com- 
pletely all the oil and wax and then slowly cMlling to about 15° F. in 
large insulated tanks. This caused the wax to precipitate. It was 
allowed to settle out by gravity. The supernatant liquid was then 
drawn off and the naphtha distilled off, leaving a still residue of bright 
stock. The sediment from the settling, of a slushy nature, was with- 
drawn. After removing the naphtha by distillation the residue 
was petrolatum. At some point in the process, preferably after the 
dilution but before chilling, the mixture was decolored by percolation 
through fuller’s earth. 

The finished bright stock produced by this process had a cold tost 
of about 50° F. Efforts to improve this by chilling to a lower temperature 
resulted in a considorablo reduction in yield, and increased uncertainty 
of settling. Even when chilling to 15° F. it was not imcommon to find 
that after a week’s waiting a tank had not settled. It was then necessary 
to heat and rochill. This uncertainty was a serious problem; in one 
COSO a refinery superintendent had men riveters hold pneumatic ham- 
mers against the tank for hours, hoping thus to cause ag^omeration 
and settling of the wax. Yields of bright .stock above 70 per cent, 
wero uncommon. 

History of CERTamroAL Afflioaison 

It is not surprising, therefore, that many attempts wero made to 
improve upon the results obtained by cold settling. Qeorge H. Taber, 
vice-president of the Qulf Refining Co., Pittsburgh, Pa., made a number 
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of eBperiments with cream separators in 1890 but had done nothing more. 
The only centrifugals available were of the cream separator t 3 rpe. Such 
separators are not suitable for the separation of two liquids. They serve 
oidy to concentrate a dispersed phase of an emulsion into a fraction of 
the continuous phase, and it is hardly to be expected that they would 
have handled a liquid and a plastic solid. 

It was shortly after putting into general use centrifugal separators 
emplo 3 dng the principle of hydrostatic balance that P. T. Sharpies 
took up the investigation. He discovered that the wax, as separated 
by centrifugal force, differed from the slushy liquid separated by gravity. 
It was a plastic of too high a "yield” value to act freely as a liquid 
under the forces within the centrifugal rotor. It was only with con- 
siderable difficulty and by using a rotor of the hydrostatic balance type 
that adjustments could be made to give a discharge of wax and that 
only for short periods. It was necessary to upset slightly the hydro- 
static balance to offset the resistance of the wax to flow, and then a 
condition of unstable equilibrium was obtained. This was because the 
resistance of the wax and also its density were not constant, but varied 
with the time it was exposed to centrifugal force. If, for instance, there 
was a slight reduction in capacity, this permitted the wax to remain in 
the rotor longer, with the result that it became more dense and offered 
more resistance to flow, both of which caused the wax layer to become 
thicker. Thus the action became cumulative, resulting in overcrowd- 
ing the rotor with wax. 

While the above uncertainty of operation can be uunimized by using 
a centrifugal of much lower centrifugal force, the softer wax obtained 
mid the lower jdeld of oil make it undesirable. 

SoLin Discharge 

All of this trouble was soon overcome by the invention of the so-callcd 
"solid discharge.” A stratum of a third Uquid substance, heavier than 
either of the two separated substances, was maintained within the rotor. 
This served two purposes. One of th^e was the provision of a friction- 
less surface on whidi the wax might float and flow. The second and 
more important was the provision of a uniform and non-resistant liquid 
with which to form a hydrostatic balance with the wax-free oil layer 
in the bowl. The rotor was then adjusted, as if the wax were not there, 
so as to give a maximum thickness of oil layer without allowing any oil 
to di schar ge with the caniOT liquid. Any separated wax formed a thin 
layer between the oil and carrier liquid and soon leaked out with the 
latter. The operation became entirely independent of the condition of 
the wax and a stable equilibrium was obtained instead of an iiTiat.fl.hTft one. 
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Calcium-chloride brine refrigerated to the same temperature as the 
chilled oil was used as a carrier liquid, and fed in such small quantities 
as to make its presence evident in the wax discharge. 

This development of the solid discharge centrifugal rotor with the 
use of a carrier liquid marked the begi n nin g of the commercial use of the 
centrifuge in the production of bright stock. 

Top Feed 

Since this original development an improvement of practical impor- 
tance has been made in the method of maintaining the stratum of carrier 
liquid. Formerly it was fed to the rotor with the chilled oil, flowed 
through the rotor at a very low rate and discharged over the inner edge 
of a ring on the rotor. The discharge was kept at a minimum. The 
writer has replaced the feed in contact with the chilled oil by a jet of 
carrier liquid directed within the above mentioned ring. This is known 
as the “top feed.” When the rotor is empty the carrier liquid flows 
into it downward instead of upward, but once the rotor has been filled 
to the edge of the ring any further addition pours out over the edge of 
the ring. This avoids any necessity for refrigeration of the carrier liquid, 
in consequence of which the economic prohibition upon supplying heat 
to the wax cover is eliminated, so that the wax may be melted upon its 
discharge and readily conducted from the centrifuge, also it avoids ad- 
mixture of the carrier liquid with the chilled oil. This arrangement has 
eliminated the tendency to produce sometimes a slight cloud in tho 
finished oil and to interfere to a certain extent with wax separation. A 
higher yield of oil and a better cold test are thus obtained. 

CniLLINO 

The effectiveness of tho centrifuge in removing tho wax from tho 
chilled oil is entirely dependent on tho| manner in which tho diluted 
oil is chilled. Wo have found that the most satisfactory method is as 
follows: A tank provided with brine circulating coils is usod as a con- 
tainer for tho oil mixture. The coils extend from top to bottom of the 
tank and are either grouped at tho center of the tank or extend around 
the wall, leaving the center dear. Either arrangement produces a natural 
convection current down around the coils and upward through the 
remaining space. 

The oil mixture is heated to about 100** F. unril all wax is in 
solution and all moisture settled out. The mucture must become bright, 
otherwise a faulty precipitation of wax is likely to occur. The mixture 
is then transferred to the ohilling tank. Brine is circulated through 
the coils at a temperature not more than 10** F. lower than the oil. 
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This differential is carefully controlled so as to give a chilhng rate to 
the oil of about 3® F. per hour. Such control is easily accomplished as 
follows: A circulating pump is put in series with the coil in the tank, 
continuously recirculating the same brine through the coil. A regulated 
quantity of cold brine from the brine cooler is admitted to the suction 
of the pump and an equal quantity of warm brine withdrawn where 
the coil leaves the tank. Every hour the oil in the tank is turned over 
by a slow moving agitator. This insures an equal distribution of 
temperature and precipitated wax. 

Chilling is continued until the desired temperature for centrifuging is 
reached. Chilling by the above method to —10° F. and centrifuging 
at that temperature will produce a bright stock from most crudes of 
16° F. cold test. 

Chilling at a slower rate than that given above has shown no advant- 
age in cold test and is more expensive in equipment. More rapid chill- 
ing causes an increase in cold test, the increase becoming more rapid 
as the time of chilling is reduced. A rate greater than 5° F. gives poorer 
results than chilling more slowly and centrifuging at a higher temperature. 

If instead of maintaining a small differential between the brine and 
oil, slow chilling is accomplished by allowing a small quantity of brine 
to enter the chilling coil, a portion of the oil is exposed at once to a low 
temperature, resulting in what we have termed shock'' chilling. As a 
result the wax is precipitated throughout the oil in a colloidal state, and 
cannot be separated by gravity or centrifugal force. 

It is important, therefore, in order to insure an economical use of 
refrigeration and an effective use of the centrifuge, first to dissolve the 
wax completely and then slowly and uniformly chill the mixture to the 
required temperature for centrifuging. 

Dilution 

Three conditions must be fulfilled in the dilution of the cylinder 
stock: First, the viscosity must be sufficiently reduced to permit 
crystal formation rather than colloidal precipitation, and to permit 
the removal of the wax after it has precipitated. Second, the density 
of the mixture must be reduced below that of the wax. Third, suffilcient 
volume of liquid must be provided for free suspension of the. precipi- 
tated wax. 

The first two conditions are easily accomplished by using one and 
one-half volumes of naphtha of about 60° B6. With some cylinder 
stock, however, such as those from Wyoming crudes, the wax content is 
so high that the wax particles begin to crowd each otW, joining together 
before precipitation is complete. Satisfactory separation is then diffi- 
cult. In some such cases the use of slightly more naphtha than usual 
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is sufficient; in others, better results can be obtained by precipitating 
half the wax, removing it by centrifuging, and then completing the 
precipitation by further chilling and recentrifuging. 

Eemoval of Peotecttve Colloids 

The presence of asphaltic material and coloring matter in an oil 
will lower its cold test. A black cylinder stock, which has a cold tost 
of 40“ F., after acid treatment and filtration will have a cold test of 
86“ F. These same substances interfere with the precipitation of the 
wax in the production of bright stock. If a black cylinder stock bo 
put thi’ough tho dewaxing process, its cold test may be reduced to 10“ F., 
but on treating to a light color, it will rise to 35“ F. It is common 
practice, therefore, in oj’der to cany on the dewaxing most effectively, 
to refine the cylinder stock to the required color before dewaxing. 

Yield 

With the cold settling process, it was common to secure a yield of 
only 70 per cent, of bright stock with a cold test of 50“ F. The cen- 
trifugal separation of tho precipitated wax gives a yield of 85 per cent, 
of 16“ F. cold iicst bright stock, because of the greater freedom of wax 
from oil. 

Otuee Oils 

Extensive investigations have been carried out to dctcmiino tho 
possibility of using the centrifugal process for tho general removal of 
wax from all lubricating stocks. The results have shown that the 
process is readily applicable to any stocks containing the wax in an 
amorphous form, but that additional considerations arc involved in 
tho removal of whoUy crystalline wax. It has been found especially 
applicable to what we have designated as “long residuum,” that is, a 
steam-refined still rosiduo, similar to cylinder stock but amounting to 
about 30 per cent, of tho crade — all of its lubricant — ^instead of 15 
per cent. 

The long residuum is treated, as is cylinder stock, for wax removal. 
A yield of 84 per cent, of dewaxed oil and 16 per cent, of wax are obtained. 
Tho fmully dewaxed oil contains all of tho lubricating content of the 
crude, without any having been broken down by a cracking distillation 
as is necessary when neutrals are dewaxed by pressing. The dewaxed 
residuum may then bo split up by distillation into neutrals and bright 
stock. It is possible by this method of refining to obtain 10 per cent, 
of 200-sec. viscosity neutrals and 16 per cent, of bright stock from a 
Pennsylvania crude, when formerly not over 6 per cent, of 200-8cc. 
viscosity neutral was obtained. The cold test of tho neutral will bo 
below 25“ I\ and that of the bright stock below 15* F. 
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Centrifugiiig Petroleum-refinery Emulsions 

By Eugbnh'E. Atkbs, Jb., PhUiAdelphia, Pa. 

(Tulsa Meeting, October, 1023) 

The centrifuge has come into general use in the oil fields and in the 
establishments where lubricating and fuel oils are used. Probably 
centrifugal machinery will be found more useful in the refinery when 
the operators are more familiar with the principles of modem centrifuga- 
tion and when centrifugal engineers better understand the refinery 
emulsion problems. 

It is not generally realized that centrifugal force and gravity have two 
distinct functions; First, subsidence wherein the suspended globules 
are brought into contact; second, coalescence (when this is possible) 
by rupturing the filma around the lobules. In the case of a water-in-oil 
emulsion, an exercise of the former fvmction alone would yield: (1) oil, 
free, or as free as desired, from water; and (2) a concentrated water-in-oil 
emulsion — concentrated in the sense that it contains a relatively large 
percentage of the internal phase. An exercise of both functions will 
yield: (1) water-free oil and (2) oil-free water. 

Centrifugal force is much better than gravity for subsidence because, 
in the case of industrial emulsions where the suspended globules are 
viable under a microscope, subsidence is directly proportional to the 
force applied. 

Centrifugal force is only slightly better than gravity for coalescence. 
A minute trace of a proper reagent will immediatdy do more to nullify 
the interfacial surface tension opposing coalescence than an indefinite 
application of the highest attainable centrifugal force. No mathATuftticnl 
analysis has been made.to explain the failure of high centrifugal force to 
induce a decidedly more rapid and more complete coalescence tb«^.n is 
obtained by gravity. 

The adjustment of the centrifuge rotor depends more on the extent 
of coalescence that is desired or is possible than on any other factor. 
One reason for this dependence is to be found in the curious relation 
between the specific gravity and the hydrostatic pressure of emulsions. 
The continuous centrifuge works on the U-tube or Florentine flask prin- 
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dple, and for homogeneous liquids the ratio of liquid depths is assumed to 
be inversely equal to the ratio of specific gravities. But in the case of 
emulsions where the globules have a diameter of one micron or larger, the 
balanced depths are not inversely proportional to mean specific gravities. 
For example, suppose we centrifuge an oil-in-water emulsion whose con- 
tinuous water phase has a specific gravity of 1.00, while the oil is 0.80. 
If the emulsion is of such a character as to permit a coalescence of oil 
globules, we may expect 0.8 in. of the water phase to balance 1 in. of oil. 
If the oil globules cannot be made to coalesce, we may so operate as to 
form a concentrated oil-in-water emulsion containing 70 per cent of oil. 
The mean specific gravity of this emulsion should be 0.86, and it would 
be natural to expect 0.86 in. of water to balance 1 in. of emulsion. Experi- 
ence has shown that this is not the case; we are likely to require 0.96 in. 
of water to balance 1 in. of this emulsion. 

Adjustment of the centrifugal rotor depends on the type of the emul- 
sion. In the case of water-in-oil emulsions, water is assumed to be 
heavier than oil. Subsidence by centrifugal force will, therefore, move 
the water globule outward. If the globules coalesce when they come into 
contact, a continuous water layer will be formed at the periphery. The 
coalesced water layer is equivalent to “dead” space in the sense that this 
water layer requires no more work from centrifugal force and yet takes up 
room in the rotor, thus reducing the capacity of the rotor for the oil 
phase. On the contrary, the suspended oil globules of an oil-in-watcr 
emulsion are presumed to be lighter than the water and will therefore 
be moved inward by centrifugal force. If the oil globules coalesce, 
an oil layer is formed at the surface; in this case it is the oil layer 
that is dead space. If coalescence is not obtained and the suspended 
globules are merely brought into close contact, the concentrated 
globules form a viscous, or gelatinous, layer that may also bo regarded 
as dead space. 

There are cases in which a partial coalescence may bo obtained 
by centrifugal force. Such oases are frequent with water-in-oil emulsions 
and rotors are specially designed for this condition. No rotor has yet 
been designed to take advantage of a tendency to partial coalescence in 
oil-in-water emulsions because there has been no demand for such an 
operation. Where a partial coalescence is to be obtained (for water-in-oil 
emulsions) a high percentage of internal phase will require an adjustment 
different from that required by a low percentage of internal phase if the 
mavimiim of coalescence is to be obtained in each case. 

In this connection we must take into account the viscosity of the oil 
and the interfa<»al surface tension of the emulsion. If the surface ten- 
sion is low, the globules will coalesce when they are brought into contact 
by subsidence. If the viscosity is high, subsidence wiU be slow. With 
a low surface tension (a weak emulsifying agent) and high viscosity. 
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the largest possible volume of oil must be maintained in the rotor; 
conversely, if the viscosity is low (and subsidence is rapid) while the sur- 
face tension is high (and coalescence is difficult) it is not necessary to 
maintain so high a volume of oil in the rotor, but the rotor must be 
adjusted to maintain a relatively large volume of intermediate emulsion 
on which centrifugal force can work to accomplish coalescence. 

The adjustment of the rotor must be governed by the quality of 
results desired by centrifugal resolution. In most industrial applica- 
tions, results are not perfect. It is usually possible to obtain perfect 
results from a pxirely technologic standpoint; but to achieve this perfec- 
tion it may be necessary to sacrifice economy. In one case of the 
resolution of a water-in-oil emulsion, four adjustments gave the following 
results, with corresponding maximum capacities : 


Watbb 

1. Free from oil 

2. Free from oil 

3. 1 per cent, of oil 

4. 1 per cent, of oil 


On* Capaoitt, Bashbls Peb Hottb 

1 per cent, moisture 1 . 0 

Free from water 1 . 5 

Free from water 3 . 0 

1 per cent, moisture 16 . 0 


Adjustments 1 and 2 show that a change of adjustment may produce 
a better result at a higher maximum capacity. If the results from 
adjustment 4 are industrially satisfactory, that adjustment must be 
selected because of the economic advantage. 

Suppose we have an oil-in-water emulsion from which we desire to 
recover the maximum yield of oil. If subsidence and coalescence 
are both difficult, the rotor must be adjusted to hold a maximu m 
volume of water and a minimum volume of concentrated emulsion. In 
other words, in making adjustments coalescence must be sacrificed for 
yield and a discharged concentrated emulsion obtained instead of 
free oil. The importance of correct rotor adjustment will be realized 
when we state that the change of one of the rotor dimensions in. 
may convert a prohibitively expensive operation into an attractively 
profitable one. 


B. S. Acctrjiroi.Aaaoire 

When “out production” is dehydrated in the field by centrifuging 
or by obenoical methods, the crude is not made perfectly dry but is merely 
reduced to 1 or 2 per cent, moisture. Wlien this oil is stored for a 
at the refineries, the emulsion gradually accumulates in the storage 
The accumulation is particularly certain to occur if reagents have been 
used in the field, because the reagent has counteracted the emulsifvinv 
element of the crude. 
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The method of resolution depends on the percentage of inorganic 
matter. If the inorganic matter is low, say not over 2 per cent., it is 
possible to centrifuge direct. In the absence of wax it is desii’able to 
centrifuge at as high a temperature as feasible to reduce viscosity; 
when wax is present, a high temperature is necessary to melt the wax. 
If reagents have been used in the production field, an addition of 
reagent to the refinery accumulation before centrifuging will be without 
value. Otherwise the use of reagents may be of value in the case of high- 
viscosity crudes. 

When the inorganic percentage is high, it is advisable to free the 
emulsion from the bulk of the solids before attempting centrifugal 
separation. To accomplish this the emulsion may be agitated with a 
solution of caustic soda, soda ash, or sodium silicate, then heated and 
settled. A portion of the solids may be taken up by the aqueous layer 
and another portion will collect between the settled layers of oil and 
water. Supernatant oil, after such treatment, contains a lower percent- 
age of solids and water and can be eflBciently freed of both by centrifuging. 

Any water-soluble colloid will tend to break the water-in-oil emulsions. 
Examples of water-soluble colloids that have been used for this purpose 
are common soap, rosin soap, the so-called soap from petroleum, starch, 
glue, albumen, casein, and the gums. The soaps of the heavy metals 
will stabilize watcr-in-oil emulsions instead of tending to resolve them. 
The most efficient reagent that we have used for resolving water-in-oil 
emulsions is sodium-rosin soap containing not less than 60 per cent, 
dry matter. This substance is soluble in oil and can bo used to advantage. 
Aqueous solutions of rosin soap are no more efficacious than aqueous 
solutions of common soap or petroleum soap, but such aqueous solutions 
are frequently used and are often helpful. Aqueous solutions of starch, 
glue, etc. will be as efficacious as the soap solutions, especially if a trace 
of alkali (such as caustic soda or soda ash) is added to the solution of 
colloid. The theory underlying the use of such substances is that the 
water-soluble colloid tend to produce emulsions of oil-in-water, and if a 
truce of such substances is used with an emulsion of water-in-oil, the 
tendency will be to neutralize the stabilizing effect of the hydrophobe 
colloid present in the water-in-oil emulsion. 

CituDE Oil Containing Sai/t Water 

When crudes are distilled continuously, it is of particular advantage 
to remove the salt water as far as possible in order that the salt may not 
deposit in the stiU. There has boon some question as to whether the salt 
in the crude petroleum is all in solution in the emulsified water, or whether 
some salt is not suspended in the oil in colloidal form. We believe this 
confusion has arisen from the inaccuracy of the method for the determina- 
tion of salt by igniting the oil in a crucible. 
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Careful tests on a number of samples of crude have indicated that 
the salt content of the crude was directly proportional to the moisture 
content. The tests were made by removing by centrifugal force various 
proportions of the moisture content and then determining the moisture 
and salt in the oil. The salt was determined by a method suggested by 
Ralph R. Matthews wherein the oil is extracted with acetone and water 
and the extract is titrated. In most cases where, in cut production, the 
oil is partly dehydrated by heating, any salt precipitated from aqueous 
solution is in a relatively coarse granular form in which it readily settles 
out of the oil. 

It can be safely assumed that to reduce the salt content of a crude we 
need merely to reduce the moisture. A crude oil cannot be completely 
dehydrated by centrifuging except at high cost. Some of the low- 
viscosity crudes containing imder 2 per cent, water can be reduced to 
0.1 per cent, moisture by simple centrifuging at high capacities. 

The more viscous crudes, containing under 2 per cent, water, can 
be reduced to 0.1 per cent, moisture by dissolving in the oil 0.1 
or 0.2 per cent, of sodium-rosin soap containing 60 per cent, or more 
dry matter. The oil is then centrifuged at high capacities. Oils 
containing more than 2 per cent, water can be reduced to 0,1 per cent, 
moisture, but the cost is higher. High temperatures for centrifuging 
are advantageous. Crudes of very high viscosity cannot be economically 
dehydrated with rosin soap and centrifuging. 

Other hydrophile colloids may be substituted for sodium-rosin soap, 
but the latter has the advantage of being soluble in oil and by diffusing 
through the oil it comes in contact with the dispersed water globules. 
After centrifuging, the oil contains rosin soap only in proportion to the 
moisture remaining in the oil, for the bulk of the soap is in the separ- 
ated water. 


• Acid Sludge in Oil 

If a lubricating distillate and the necessary proportion of sulfuric 
acid are flowed independently through a type of centrifugal machine 
adapted to emulsify thoroughly the acid with the oil, and within the same 
second to separate the emulsified material and to discharge a sour oil on 
the one hand and an acid sludge on the other, it will be found that the 
discharged oil will be practically clear' and free from traces of suspended 
sludge. Furthermore, the discharged oil will be found to have received 
an acid treat as efiSicient as the ordinary acid treat in which acid is in 
contact with oil for a considerable period. But the discharged sour oil, 
although practically clear at the moment of discharge, will show more and 
more turbidity imtil a considerable volume of acid sludge is formed by 
coalescence and settles out. 



BtrOENB B. AYBBS, JB. 


1127 


This appears to be a case where the viscosity of the oil retards coales- 
cence. In such cases we have not yet seen any reason for treating by 
centrifugal emulsification and separation. Oils of very low viscosity, 
such as tho kerosene distillates, can be treated in the manner just 
described with a discharge of a sour oil that will not deposit sludge 
on standing. In the absence of high viscosity, the coalescence of sludge 
appears to be complete and immediate. 

It may develop that the method of centrifugal emulsification and 
separation may have some distinct advantages over the usual methods 
of treating the lighter oils, but the subject has not been exhaustively 
investigated. 

It appears to us that the] centrifuge is of greatest value for tho 
separation in some special cases of well coalesced sludge from highly 
viscous oils. When cylinder stock is treated in tho usual fashion and the 
period of contact of acid and oil is sufiSciently great to insure the complete 
coalescence of sludge, the centrifuge will efficiently separate the sus- 
pended sludge from tho oil, yielding a sour oil with less acidity than could 
be obtained by long gravity settling. In general, when acid treats aro 
made in the usual manner and tho sludge is permitted to settle out, the 
supernatant oil may be centrifuged with a considerable reduction in 
acidity. This is merely because of the removal of traces of suspended 
sludge that had not settled by gravity. But it has not been found pos- 
sible to remove all traces of mineral acid from oven the low-viscosity sour 
oils by direct centrifuging. 


ICmulsions OB’ Souk Oils and Water 

In some cases it is an advantage to be able to emulsify a sour oil with 
water in order that the acidity of the sour oil may be reduced by washing. 
It is generally supposed that contact of water with a sour oil tends to 
hydrolyze tho contained acid sludge with a tendency to the reversion 
of color compounds to tho oil. Apparently this effect can bo minimized, 
although whether or not tho effect can be entirely avoided has not yet 
been proved. In some cases, however, slight color changes are not 
regarded as important. For example, when a reduced Mid-Continent 
crude is acid treated, it is said to be a distinct advantage to eliminate the 
acidity from tho sour oil by some method that will avoid the formation of 
ash-producing substances. The difilculty with the water wash for Mid- 
Continent crudes is that a stable emulsion tends to form — an emulsion 
that will not settle out unless reagents are used. The reagents known to 
refineries are usually ash fonning so that the water wash in this way does 
not accomplish ash elimination. Other reagents are decomposed by tho 
acidity of the oil and the products of decomposition are harmful. 
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The emulsions formed when water is agitated with sour oils are 
of the type of water-in-oil and, therefore, require a hydrophile colloid 
for their resolution. These emissions are frequently too stable for simple 
centrifugal separation. They may be resolved by agitating the emulsion 
with a dilute starch solution and then centrifuging, but the technique 
is difficult. 

We have found it possible to wash a sour oil efficiently without 
the formation of a stable emulsion by agitating the sour oil with a starch 
solution. The emulsion thus formed can be completely resolved by 
centrifugal force. The oils treated in this fashion are clear and diy. 
When the oils are violently shaken in a 4-oz. bottle with water to which 
methyl orange has been added no change in color is observable in the 
aqueous layer, thus indicating the absence of water-extractable acid. 
However, when oils are tested according to the standard method for 
acidity, using a 60-per cent, alcohol aqueous layer with phenolphthalein 
as an indicator, and titrating with tenth-normal caustic soda, the acidity 
value of the washed oils amoimts to about 34 c.c. normal alkali per 100 
c.c. of oil. All of the Mid-Continent treated oils seem to give about this 
result, which would seem to indicate organic water-insoluble acid. 
The washing with starch water removes acidity from sour oils appar- 
ently to the same extent as contact with j&nely divided fuller's earth. 

If it were considered satisfactory to distill a reduced Mid-Continent 
crude after such treatment, ash in the still would be completely avoided. 
If it is considered necessary to complete the neutralization with caustic 
soda, the neutralization may be made very simply without the formation 
of a water-in-oil emulsion. A sour oil after a starch wash can bo neu- 
tralized with a caustic-soda solution of any strength with a quick and 
complete gravity settling. The caustic-soda solution after settling out is 
clear instead of being milky. Whether, under these conditions, the soaps 
formed by the interaction of caustic soda with organic acid are retained in 
the oil or are completely extracted in the aqueous layer has not been 
ascertained. 

For the starch wash about 0.1 per cent, by weight of starch has been 
found to be sufficient. The temperature at which the starch emulsion 
must be centrifuged depends on the viscosity of the oil treated. With 
ordinary reduced Mid-Continent crude averaging about 105 Saybolt 
viscosity at 100® F., a temperature of 200® F. is used to obtain the 
highest centrifuge capacities and the most econonoical operation, but 
operation is practical at somewhat lower temperatures. 

The best results have been obtained by emulsifying starch water 
with the sour oil at normal temperatures, and then warming the oils, 
centrifuging as soon as the oil has reached the desired temperature. In 
this way the effect of temperature on the color of the slightly acid oil is 
mi nimi zed because of the brief time during which the oil is hot. The 
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application of the starch wash to the preparation of finished lubricating 
distillates has received little attention, but there would seem to be some 
interesting possibilities. 


Emulsions of Sour Oil and Caustic Soda 

When sour oils are neutralized with caustic soda, the products of the 
reaction are soap and sodium sulfate, also some free alkali. The emul- 
sions formed arc of the type of water-in-oil. The type might be explained 
by adsorption of the basic radicals of the inorganic salts and alkali present. 

The soap would tend strongly to stabilize an oil-in-water emulsion. 
We conclude that the salt concentration in the aqueous phase is high 
enough to precipitate the sulfonic soap either in such form as to render it 
colloidally inactive, or else in the form of a hydrophobe colloid. That the 
sulfonic soap in such emulsions is distributed in the continuous oil phase 
is indicated by the fact that mere contact of additional water with those 
emulsions will cause the emulsion to break down. The water appears to 
extract the sulfonic soap from the oil. It is standard practice to per- 
colate water through alkaline emulsions or to agitato the emulsion with 
8ucc(!Ssivo charges of fresh water. 

Acid-treated oils from which all traces of excess sulfuric acid have 
been removed by efliciont water washing or by filtration through fuller’s 
earth can bo agitated with caustic-soda solutions to remove dissolved 
organic acids without the formation of stable emulsions. This may 
bo explained by the fact that no sodium sulfate is present to precipitate 
the sulfonic soap. The abscuico of sodiumsulfato probably accounts, also, 
for the fact that the sepurated aqueous phase contains no emulsified oil. 
The petroleum soaps are probably too soluble in water to| function as 
hydrophilo emulsifying agents except In the presence of sufficient electro- 
lj4o' to give them colloidal character. 

It is natural that solutions of starch or other hydrophilo colloids 
should not aid the separation of alkalino emulsions. What is necessary 
for the resolution of an alkaline emulsion is the prescnco of sufficient water 
to extract the petroleum soap from the continuous oil phase. There 
seems to ho some advantage in some cases in caiTying out the resolution as 
follows: From 20 to 60 per cent, of water is added to the alkaline emulsion 
and the liquids are brought into contact by agitation with live steam or 
mechanical agitators, lire hot mixtiu'c is then centrifuged at compara- 
tively high capacities. The discharge from the centrifuge will be clear 
dry oil on the one hand, and reasonably oil-free water on the other. It 
is possible by this procedure to secure an immediate resolution of the 
emulsion, which has the effect of improving color and speeding produotiuu 
in the case of viscous oils diiUcuIt to wash. 
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If sour oils have been water-washed before neutralization, immediate 
resolution may be obtained without the use of centrifugals. The 
simplicity of the caustic-soda neutralization with the entire elimination of 
any alkaline emulsion trouble would appear to be a strong argument in 
favor of water washing of sour oils, provided the water washing can be 
accomplished in a given case without detriment to color. 
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Evaporation Loss of Petroleum — ^Theories and Their 
Application 

Bt J. H. Wiooins, Babtlbstille, Obla. 

(Tulsa Meetiiw, October, 1923} 

Granting that about 600,000,000 bbl. of light oil will be produced in 
the United States this year and taking the Bureau of Mines’ statement 
that per cent, of the total crude production wDl bo lost before the 
finished gasoline is shipped from the refinery, the volumetric evaporation 
will be 45,000,000 bbl. of the cream of the gasoline. This is a conserva- 
tive figure and is equivalent to 1,890,000,000 gal. The real value of this 
liquid is at least 150 per cent, of the value of an equal volume of motor 
fuel. At only 10 c. per gal., the value lost is $189,000,000; at 15 c. per 
gal. the loss is $283,000,000. 

If 750,000,000 bbl. of light and heavy oil are produced hero this year 
and the average price per barrel is $1,333, the gross return to producers 
will be $1,000,000,000 and the net returns about $200,000,000, if the cost 
of production is only $1 per barrel. Thus, the evaporation bill is about 
20 per cent, of the gross income and is equal to the net income of the 
crude-oil producers. 

Two other comparisons with popular phases of the petroleum industry 
will help give an adequate conception of the evaporation problem. 
These are: cost of preventing evaporation compared to cost of cracked 
gasoline and volume of gasoline evaporated compared to volume of 
gasoline manufactured from natural gas. 

When gasoline is manufactured from heavy oils by the cracking 
process, there are two important divisions of the total cost of the product: 
the manufacturing cost, such as plant cost, operation, maintenance, etc., 
and the cost of the barrel of heavy oil, from which the cracked gasefiine is 
made. In preventing evaporation loss the cost first mentioned enters 
into the total cost, but the second cost is eliminated; that is, no charge is 
necessary for stock from which to manufacture the saving. A detailed 
analysis of those two costs on a large scale shows that the net income from 
a dollar spent in preventing evaporation loss from the lease through the 
refinery is twice the net income from a dollar spent in cracking. Of 
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course, it is possible for cracking to become unprofitable by running up 
the cost of stock and running down the price of gasoline, but saving 
evaporation will never thus become ruinous. The lower the price of 
crude oil, the greater is the necessity for stopping the evaporation leaks. 

Detailed figures are not available, but the natural gasoline manu- 
factured this year may be approximately 600,000,000 gal. The evapora- 
tion loss of 1,890,000,000 gal. then is three times the volume produced 
by extraction from natural gas. 

When such figures are quoted, it is, at first, impossible to realize why 
a condition so destructive of natural wealth should exist. One of the 
smallest causes is storage; 300,000,000 bbl. of crude are in storage today. 
If this storage were contained in 66,000-barrel tanks, each containing 
60,000 bbl., the total oil surface would be about 1600 acres, the seams 
along plates that are air-leaky is about 6600 miles, and the semiconfined 
vapor space above the oil is about 300,000,000 cu. ft. It is unlikely 
that an actual survey of storage would show such efficiency of storage 
to surface, etc., as this. 

Another and more important cause of evaporation loss is the constant 
filling and emptying of tanks. When a tank of oil is emptied, fresh air 
takes the place of the oil and is saturated with vapor. This vapor is lost 
when the tank is refilled. The magnitude of this loss is easfiy shown. 
The 600,000,000 bbl. of light oil is handled at least seven times before it 
gets through the refinery. This represents 23,583,000,000 cu. ft. of air 
vapor mixture that will be forced from tanks in 1923. 

Many other still worse conditions could be described but these give 
an idea of why evaporation is one of the most important economic 
problems of the oil industry today. 

Theories Involved in Evaporation Loss 

In practice, evaporation can occur only by fresh air, or permanent 
gas, being in contact with the oil surface and by boiling. Of these, only 
the first applies to motor fuel (gasoline) or crude oil; boiling requires a 
hi^er temperature than is encountered for ordinary motor fuel or 
crude oil. 

Fresh air in cdntact with a surface of oil acts much like a spougo and 
becomes saturated with gasoline vapor untU the partial pressure of the 
vapor is equal to the vapor pressure of the liquid. As far SiS ultimate 
evaporation of the oil is concerned, 100 cu. ft. of fresh air over the oil 
surface is like 100 cu. ft. of perfect vacuum. The perfect vacuum would 
be filled with 100 cu. ft. of vapor and the total pressure in that space would 
then be the vapor pressure of the oil. Little has been published on vapor 
pressure of petroleum and its products but there are several interesting 
points in connection with vapor pressure that will bear discussion. 
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Blending 

One of those is the effect of mixing, or blending, a high vapor pressure 
hydrocarbon liquid with one having a low vapor pressure. Suppose that 
a gallon of 42® B4. kerosene and a gallon of 80° B4. gasoline are mixed. 
Their vapor pressures are assumed at in. and 15 in. of mercury, 
respectively, when they are separate. The popular* idea is that when they 
are mixed, the vapor pressure of the mixture remains close to that of the 
gasoline. As a matter of fact, however, the vapor pressure of the mixture 
will be reduced to 6 to 8 in. of mercury. This means that the lower hydro- 
carbons have an aflBbaity or a holding effect on the higher hydrocarbons. 

ParHcd Content of Vapors 

It is believed that air in contact with oil takes up, practically, only 
the vapor of the lighter hydrocarbons in the mixture and that, on satura- 
tion, the partial pressure of these liglitor vapors keeps the more volatile 
hydrocarbons m the liquid phase. It is also quite probable that the 
presence of the vapor of the lighter hydrocai’bon over a mixture of hydro- 
carbon liquids keeps the heavier fractions from even exerting their quota 
of the total vapor pressure of the mixture. Expressed in a more concrete 
way: If there is a mixttiro of pure hydrocarbon liquids of 84°, 80°, 76°, and 
72° B4. it is thought that under evaporation into the air tlic first vapor to 
come off would be nearly all 84° B6. with a little of the 80° B6. and practi- 
cally none of the 76° and 72° B5. If these hydrocarbons, separated, had 
vapor pressures of 18, 10, 14 and 12 in. of mercury, respectively, theoreti- 
cally the vapor coming from the mixture should contain 12 parts of the 
72° B6. liquid in 60 parts of vapor, or 20 per cent. Tests have indicated, 
though, that the vapor coming from the mixture will contain considerably 
less than the 20 per cent, of vapor from the 72° B4. liquid; but this point 
has not boon definitely proved. 

DoiibU Nature of Vapor Pressure 

When studying the vapor pressure of petroleum, the first olworvation 
is that there are two sources of pressure; One is the true vapor proKSuro of 
the liquid, the other is tho pressure sot up by the expulsion of a part of 
the permanent gas held by the oil. As far as tho breathing of a tight 
tank is ooncemod, the sum of these pressures is the cilcctive one; therefore, 
vapor pressure curves that show the true vapor pressure of tho liquid 
only may bo misleading if used in tho calculation of evaporation loss. 

Permanent Gas Contained in Oil 

The question arises as to how much and in what manner permanent 
hydrocarbon (^uses are held in crude oil. Crude oil will dissolve from 22 
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to 33 per cent, of its volume of air. Such a solution does not involve 
an increase of volume of the crude, because air is not a hydrocarbon gas. 
However, the question is open as to how much methane or ethane, for 
instance, a given crude can contain and the manner in which it is held; 
namely, how much is held in solution as a purely permanent gas and how 
much may be held in a condensed liquid phase, because of what might be 
called an “afiSnity pressure” that the heavier hydrocarbons exert on the 
lighter ones. How the high permanent gas content affects evaporation 
is not known ; it is known, however, that the rate is increased. How much 
the decrease m volume of such an evaporating crude is due to elimination 
of liquid permanent gas or liquid permanent gasoline is unknown. 

Change of Temperature and Wind and Barometric Pressures 

The mcpansion and contraction of a mixture of air and vapor when 
heated and cooled is one reason for bringing fresh air in contact with the 

011 surface in a gas-tight tank. To raise the temperature of the gas in a 

t.A.TiTc 30® F. means an expulsion of about or about 6 per cent., of the 

volume of gas contained in the tank. When the gas space is cooled at 
night, a similar amount of fresh air must be taken into the tank. This 
action goes on every day. 

A more important source of breathing in a gas-tight tank is the 
alternate heating and cooling of the surface of the oil iu the tank. The 
variation of temperature of the body of the oU has no marked effect. If 
the oil surface at night is 85® F., but rises to 105® or 110® F. durin g the 
hottest part of the day, the vapor pressure of the oil surface rises. As 
the vapor pressure rises, the partial pressure of the vapor rises. This 
necessitates the expulsion of an added quantity of air and gasoline vapor. 
On cooling at night, the vapor pressure of the surface decreases, con- 
densation takes place, and fresh air is drawn in the tank to replace the 
condensed vapor. This effect, in the ease of gasoline, may amount to 

12 per cent, or more of the total air-vapor volume above the gasoline. 
It is seen that the effect of change in vapor pressure of the liquid surface 
is much more important than simple thermal expansion. 

The fluctuation of wind velocity may have some effect on the pressure 
inside the tank which, in turn, might cause some excess breathing during 
the inactive periods of thermal effects on the gas and the oil surface. 
The change in barometric pressure causes a movement of air into 
or out of the tank; this is a very small amount, however, and is 
practically ne^gible. 

The total breath of a gas-tight tank is a summation of the results 
of thermal expansion of the air vapor and the change in vapor pressure of 
the oil Birface. The effect of windage should be added to this. The 
barometric change may be omitted because it may or may not be com- 
pensating and in any case has a very small effect. 
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Application op Theombs fob Handling Oil and Gas on Lease 
Separation oj Oas and Oil 

The permanent gas accompanjdng the oil from the weU is a carrier 
of gasoline vapor. If this gas is in intimate contact with the oil at 30-lb. 
absolute pressure, it can take up only half as much gasoline vapor per 
pound of permanent gas as if the absolute pressure during such contact 
were 15 lb. This is accoimted for by the expansion of the gas to twice 
its former size under the 15-lb. condition, meaning that twice as 
much gasoline vapor is required to fill that space. The conclusion 
is, that gas should be separated from the oil imder as high pressure as is 
practical before the oil is run into the settling tank and also separated 
quickly so that at the separating pressure the gas can become as little 
saturated as possible. 

For this purpose, where the gas is taken to a natural gasoline recovery 
plant, the gas and oil should be run into a large separating tank held at 
atmospheric pressure. As much as 3 to 5 per cent, of the crude can be 
evaporated by the gas in this way in the summer. 

Gas-Ughi Stock Tanks on Lease 

The gas-tight tank on the lease has two phases of evaporation loss. 
The main loss is during filling, when the saturated air is forced out through 
the vents. The loss of much less importance is that occurring while the 
tank is standing full of oil for a day or more. 

A full 16-ft. diameter stock tank contains not over 100 cu. ft. of air 
vapor. The worse case of breathing, if this tank vents at atmospheric 
pressure, is on a summer’s day. Under those conditions, the tank might 
breathe as much as 50 cu. ft., of which, as a high estimate, 25 cu. ft. is 
gasoline vapor. This amounts to 0.8 gal. per day. On the average for 
the year round only 0.3 gal. per day should be lost from this cause. This 
shows the folly of carrying more pressure on* a lease stock tank than is 
necessary to give assurance of its constant gas-tightness. 

When filling a 600-bbl. stock tank, about 2310 cu. ft. of air and vapor 
are forced out of tho tank; this is 46 times the amoiut of air and vapor lost 
in 24 hr. from a similar tank while standing full. Reduced to gasoUno, 
this amoupts to about 37 gal. for one filling of tho tank. It is readily 
understood that a pressure of several pounds per square inch held on the 
tank would not decrease this filling loss. The idea seems to be quite 
general that if a pressure of 5 to 10 lb. per sq. in. is held on a tank, the loss 
while filling should be less for every cubic foot of air-vapor mixture 
(at the pressure inside the tank) that is forced out. This is not true, 
however, because the crude oil exerts its actual vapor pressure inside 
the tank irrespective of the pressure ctf the air in the tank. 
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Connecting the lease stock tank, then, with a natural gasoline recoTery 
plant affords considerable saving during the filling of the tank but very 
little while the tank is standing fuU. If a stock tank so connected is held 
under a very slight vacuum and air leaks into the tank constantly, the 
gasoline plant may show considerable gain in production. But this 
m^es the stock tank a still, as every cubic foot of air that enters the 
tank picks up its quota of gasoline vapor before proceeding to the recovery 
plant. Such false and expensive profits have been found by the ■writer. 

Protection against Heai 

Various kinds of protection against the sun’s rays for lease tanks, such 
as water-top tanks and board housings or shades, have for their field of 
possible savii^ the 0.8 gal. per day for standing and the 37 gal. filling 
loss on the worst days of the year. They may save one-half of the stand- 
ing and one-third of the filling loss. A producer must do some close 
figuring to determine how long such protective measures require to pay 
for themselves. 

Pipe Line and Refinery Losses 

The same laws of physics apply through the pipe lines and refineries. 
However, the mechanical and economic problems are vastly changed by 
the difference in size of tank and concentration and handling of enormous 
quantities of stock in sin^e places. These problems have been discussed 
in other publications and are only mentioned here. 

DISCUSSION 

Mb. Wbiqht. — ^When discussing this question, a lease foreman said 
that he had installed two 500-bbl. tanks on the lease and was using gas for 
the gasoline plant. He said that he had recovered 2 or 3 gal. por 1000 ft. 
without reduemg the volume of oil in the tanks or the gravity of the oil. 

Mb. Wiggins. — ^He does reduce the gravity. I know of cases where 
they churned to have an increase in gravity, but later it was found that a 
mistake had been made when making the gra'vity tests. 

Mb. Wbight. — ^Would there not be a larger evaporation loss through 
breathing on a larger tank than on a smaller one? 

Mb. Wiggins. — ^I have done considerable work on that proposition 
but do not remember the results exactly. 

Mb. Roush.— What benefit is derived by holding great pressure and 
what wiU be the diSerence saved on the lease tanks? 

Mb. Wiggins. — ^In a 60O-bbl. tank on a summer day (taking the •worst 
case) there will be about 75 cu. ft. of vapor over the oil under the roof. 
As the outside temperature increases the gas expands and must ei'ther 
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breathe out or increase the pressure. It may increase the pressure 5 lb. 
or it may breathe one-third of the 75 cu. ft. 

Mb. Eottsh. — Considering the hazards that we have, I do not believe 
we gain an3rthiQg by air-tight devices. A OQ 8> 250-bbl. tank, 

regulated according to the volume of oil running into the tank just enough 
to keep it at atmospheric pressure, will prevent the collapsing of the tanks. 

Mb. Wiggins. — ^If you have a lease tank that is gas-tight and you test 
it periodically, you will not have much trouble from collapsing. The 
only thing is that the valve must hold a slight pressure in order to test 
the tank. 

Mb. Roush. — ^That could be checked up very easily by the pumpers, 
but they are not interested enough to see that it is done. We had four 
260-bbl. tanks collapse with gas-tight valves. I believe we saved 6 in, 
in 7 days. We had two tanks alongside of each other, but I do not see 
that we gained much more than wo did with the ordinary K-in. hole. 

Mb. Wiggins, — ^Did you have ono with a K-in- liol® at the same time? 

Mb. Rousn. — ^Not at the same time that we tried the tank devices. 
The tanks collapsed when taking out the oil. The air-tight devices 
have small wire screens, wliich become corroded and cause vacuum to 
form, which will pull in the top of the tank. 

Mb. UmiNKB. — If you have casinghead gas and connect the casing- 
head with the lead line so that the casinghead will flow with the lead line 
is there a chance of enriching the oil? 

Mb. Wiggins. — ^Y ou will probably enrich the gas but not the oil. 

Mb. Bbhnkei. — ^How are we going to get the gasoline out of the oil? 
If it is entirely a matter of temperature, would it be better to bury the 
pipe linos? 

Mb. Wiggins. — You would hdp to hold the gravity of the oil if you 
did that, but is it paying? 

Mb. Roush. — ^At $4.60 a barrel it may pay to do that. The pressure 
on the load lino is an extra strain on tho shackle rods but if you are lifting 
1500 ft. already that does not matter. If on a flowing woU, you will 
increaso the back pressure. 

Mb. Bidhneb. — ^In Tonkawa field, this summer, we made some tests on 
gravity from 42*’ to 40** oil at the lease. On comparing a sample at the 
well and one at the end of the 500 or 600 ft. flow lino, a difference of 
IH® gravity was found. 

Mb. Wiggins. — ^The exact nature of the conditions of sampling 
would be necessary to give an intdUgent comparison with other tests, 

Yoxs. 
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Tonkawa crude might very easily lose 2 to 5 per cent, during the 
filling of a tank. 

Mb. Wbioht. — ^The question has been raised about the value of gas 
tank devices from a standpoint of fib^e hazards. We are all interested in 
stopping the fire hazards. 

Mb. Wiggins. — ^In stopping evaporation loss, you automatically 
decrease the fire hazards. If there is no oxygen in the tank you will not 
have any fire. If you have a proper mixture of air and vapor, you may 
have an explosion. In winter, when the vapor pressure is low, you can 
get a burning mixture that will blow off the roof and catch fire. 

Me. Roush. — If you pipe that vapor straight up in the air the hazard 
from fire will be small. On one occasion, a tank was on fire quite a little 
time before it was discovered but the men went on top of the tank and 
put it out with wet blankets and quilts. Most of the devices arc not more 
than 1 ft. from the deck of the tank, so that a fixe will bum out the 
gaskets and, in a short time, will get into the tank. If the pipe is run 
up 5 to 6 ft. over the top of the tank that hazard can be eliminated. 

If you pipe to the bottom of the tank you will save quite a bit of 
the gravity. Do not allow the oil to splash. Put the connection as 
close to the bottom as possible. The pipe-line companies may object and 
you may have to make some connections with open tees, so as to allow 
the oil to get into the tank as easily as possible. We have to steam out 
our lines every so often as the -paraJEn gathers and plugs the lines, load 
lines and all. 

Mb. Buhnkb. — How much would the gravity bo lowered if it con- 
tained 1 per cent, of B. S. against a pure oil? 

Mb. Wiggins. — ^I have not been able to do much work along that lino. 
You will have to work pretty close, but 1 per cent, will show up in 
the gravity. 
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Evaluation of Casinghead Gas 

By Oliver IT. Bradley, Muskogee, Okla. 

(Canadian Meelingi August, 1923) 

Tub conditions aifccting the supply of casinghead gas, the different 
degrees of productivity, the difficulty of determining the quantities 
utilized, and the evaluation of the gas in casinghead-gasoline units and 
related data, having an economic bearing on the industry as a whole, are 
important questions and offer an interesting field for study. 

Casinghead-gas data have been gathered in some of the oil fields of 
Oklahoma where testing work has been done regularly and the volumes 
of casinghead gas wore available. The ai’ca covered embraces 219 
scattered leases in 29 townships, with a total of 18,039 acres and 1921 
wells. The accompansdng table gives specific locations of the areas 
under consideration, number of leases, range depth of wells, average 
age of production, sand depths and oil production data. The results 
of this investigation arc sot forth in the accompanying charts, showing 
volumes of' casinghead gas in 6-month periods from Jan. 1, 1918, to 
Juno 30, 1921, when full record was available, production of casing- 
head gasoline, average producti'vity of the gas in gallons per thousand 
cubic feet, average price of the gas and the market price of the casing- 
head gasoline. The cases enumerated in the tabic and the data shown 
in the graphs do not represent the greater part of oil or casinghead gas 
production from any one township, nor are the leases contiguous. The 
properties in each toiraship, however, may bo considered as typical of 
general conditions, such os the date of completion of wells, depth, clior- 
actor, and thickness of oil sand, time of pumping, present oil production, 
vacuum carried on wells, and usual operating practices. 

It was deemed ad'visable to subdi'vide the time into 6-mo. periods, as 
it was impracticable to make the tests more frequently, furthermore 6 mo. 
is probably the minimum period within which there would occur a notice- 
able increase in the productivity of the gas. It must bo romemborod 
that the figures on volumes are subject to the usual irregularities and 
relative inaccuracies of meter measurements of gas under varying degrees 
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of vacuum, althougli aJl the volumes have been corrected to a normal 
pressure of 4 oz. When meters got out of order, the average daily 
volume that passed through them for the previous 30-day period was 
used when figuring the volumes for any one month. While this is not 
absolutely accurate, it is the most practical way to arrive at the amounts 
of gas utilized and all operators, both sellers and users of casinghead gas, 
accept such estimates as fair and reasonable. 


Data on Some Oil Producing Areas in Oklahoma 
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It will be observed that the figures, in many instances, fail to show any 
rapid or alarming decrease in casinghead-gas volumes over the 6-mo. 
intervals specified, or, in fact, through the entire period of Z}4 years. 
N 0 doubt there is a relationship between the exhaustion of the oil content 
of the sand and the supply of casinghead gas derived therefrom, but the 
nature of this relationship has not been studied. The probable progres- 
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sive increase in points of vacuum carried on the wells and the efficiency 
of its application must also be considered when noting the relatively small 
percentage of depletion of the gas supply in some cases. 
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Of All the districts from which dats have been gathered, the Cushing 
field embraced in townships 17 and 18N, range 7E, is the youngest and 
also the most important from the standpoint of quality of oil produced, 
total production of oil per acre, and available reserves of ca sing head gas. 
The operators in that field early realized the necessity of conserving the 
casinghead gas and, therefore, took every precaution possible in the opera- 
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tion of the wells. The effect of the application of vacuum to the weUs 
was carefully observed and charts were made showing relationship 
between quantity of oil produced, points of vacuum carried, productivity 
of gas, and related matters. Many producers postponed pulling a 
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EVALUATION OF CASINGHEAD GAS 


This prelimiiiaxy presentation of the subject, from the standpoint of 
volumes of casinghead gas as closely as it was possible to determine them 
in field practice, considered in connection with the tests of productivity, 
confirms previous observations that the productivity of casinghead gas 
increases as the wells grow older but the rate of this increase is not so 
easily figured because of widely varying conditions. Following the usual 



4.80 48 a 
460 46 I 
440 44 J 
4£0 42 J 
400 ^ 40 ’lg 
3.80|38-|, 
36oJj6-| 
340 f J4^ 
320^32 S 
300^JO£ 
280^285 
260 §26 J 
240|24 i 
220 |22| 
200 J 2 O;s 


1120-1 12 fe 

,100 = 10 g 
080 £ 

l040 4 £ 
020 2 S, 

0 0 I 



1920 1921 



S 

2 .W| 26 ^ 
240|>214| -g 
2 . 20 | 22 .e| 
200 | 20 t'| 
l. 80 |ieO:| 

I-Ooiiei I 
:i40S.i4f-a 
L20|l2 

oo|io|-s 
0801 8 

I* 

0i4fl-S4 i:-£ 


Ca81}S 24, 25, AND 26. 


law applicable to oil and gas production statistics, there is a gradual 
decline in the volume of casinghead gas from year to year, although the 
productivity increases. 

In this record, the valuation factor obtained by the multiplioation of 
the volume of the gas by its productivity, in gallons per thousand cubic 
feet, in order to obtain its potential casinghead-gasoline units, in gallons, 
shows an increase in fourteen of twenty-nine cases considered. In four 
cases, there is an increase in volumes because, possibly, of some iiregU'* 
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larity in. operating conditions or measurements of gasj and in two cases 
the productivity of the gas averages slightly less on final test than on 
the initial test. While there has been an upward trend in the productivity 
figures in all but two cases, the total increase in productivity over the 
entire period has not exceeded gal. per 1000 cu. ft. except in cases 
10, 14, 16, 16, and 24. In fourteen cases, the increase has been less than 
1 gal. The greatest increase was in case 14, where the average produc- 
tivity was raised 2.64 gallons. 

These productivity tests are, of course, subject to the usual errors, 
such as: (1) Time of year taken, as climatic conditions will have a certain 
effect on tests; (2) operating conditions on the lease, whether wells are on 
or off the pump and cleaning out work; (3) the point at which the sample 
of the gas is taken; (4) inefficient testing equipment and poor connections; 
(6) anriftll errors resulting from the limited quantity of gas tested; (6) 
evaporation in open-air tests. 

Some of the tests were made by the owners of the leases and some by 
the purchasers of the gas, but in all cases there was a conscientious effort 
to arrive at as fair a field test as could be obtained. The tests have not 
been made at any particular time of the 6-mo. period under consideration 
as it was not possible to perform the work in that manner; but there is a 
6-mo. interval between tests on each group of leases. There are some- 
times considerable variations in the results of the productivity of gas 
from adjoining and nearby leases, but only the average has been taken for 
all the tests for each group of leases. Further, no records were obtained 
on the various percentages of air in the different S3^tems connecting the 
weUs with the casinghead-gasoline plants. This record, if it could 
have been obtained, would not have been dependable as it would have 
been changed from day to day, because of irregularities in operating 
conditions. 

Many companies were testing out different methods of treating tho 
gas; in fact at the inception of the industry few plants earned in thdr files 
any data on air tests. The practice of makmg regular and systematic 
tests for air content of casinghead gas is now followed in practically 
all modern plants and is an important factor in checking up leases. 

Some manufacturers of casioghead gasoline check up the productivity 
tests of the casinghead gas on individual wells, sampling the gas under 
vacuum conditions at the mouth of the well. This is done to eliminato, 
as far as possible, the admixture and utilization of the poor grades of 
gas in the plants, as frequently one or two wells on an oil lease will produce 
gas inferior to that coming from the other producing wells on the property. 
Cutting out the wells making the poor gas is good operating practice as 
mixing and treating gas of different productivity will yield a quantity of 
gasoline below the average productivity of the casinghead gas mixed and 
utilized. Some plants have attempted to treat high and low grades of gas 
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in different units of the plant; this is not practicable unless large quantities 
of different grades of gas are available and facilities for segregation can 
be installed at minunum cost. 

It is not claimed that the gasoline content, ia gallons, as here shown, 
represents the actual amount of casinghead gasoline that must be or was 
extracted and marketed in merchantable form. The procedure in making 
the tests, however, allows ample margi n for evaporation and other losses 
in ordinary plant operations and, as far as this is the case, the number of 
gallons shown may be considered fairly representative of the value of the 
gas in gasoline that should be recovered in an efficient and well 
managed plant. 

The evaluation figures, here set forth, showing the value of the casing- 
head gas at the wells and the value of the casinghead gasoline at the load- 
ing rack have been prepared merely as a matter of theoretical comparison. 
The value of the gas has been fixed in accordance with its productivity and 
in conformity with a schedule submitted to the Government by a number 
of producoi-s of gas and manufacturers of casinghead gasoline in the Mid- 
Continent field and adopted and approved, Aug. 10, 1917. Subse- 
quently, it was modified, the actual sale price of gasoline being substituted 
for the Chicago tank-wagon price. The market quotation per gallon is 
for raw caHinglioad gasoline of the ordinary grade suitable for use in 
blending operations. 

For some time after the casinghead-gasoline business had reached its 
full development, the price of raw casinghead gasoline was above the 
market price of regular merchantable gasoline. There seemed to be a 
certain demand for this gasoline, as it was thought that it improved 
the regular gasoline when they wore properly blended. It was also used 
with naphtha to make a different grade of gasoline. The trade soon 
learned, however, that casinghead gasoline did not possess many qualities 
claimed for it and the price declined below the market price of gasoline, 
known as the Chicago tank-wagon price. Since 1920, the average price 
of raw casinghead gasoline has ranged from 5 to 7 cents below that of 
Chicago tank-wagon quotation. 

The average price of raw casinghead gasoline, as near as could be 
ascertained, has boon used in these calculations; and when the actual aver- 
age sale price is so tisod, the price of the gas works out on the basis of from 
20.6 to M.6 per cent, of the sale price of the gasoline per gallon. That is, 
if a casinghead gas tests 1 gal. of gasoline per 1000 cu. ft. and gasoline is 
selling at 15 cents per gallon, the price of the gas, according to 
the schedule, would bo 4 cents, or 26.6 per cent, of the market price of the 
gasoline. It is conceded by all manufacturers of casinghead gasoline, 
who must purchase the casinghead gas, that the payment of from one- 
fifth, as a minimum, to a little over one-third, as a maximum, of the 
marltot price of 1 gal. of gasoline per 1000 cu. ft. of gas, in accordance 
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■with the productivity of the gas, is equitable to all parties concerned. It 
is fully realized that richer gas can be handled at approximately the 
same expense as the poor grades of gas and, therefore, purchasers or 
users of the good gas can afford to pay a somewhat larger percentage of the 
value of the gasoline derived from the treatment of such gas. 

The difference in value between the casinghead gas and the gasoline 
manufactured therefrom may seem somewhat large to one not familar 
with the business. This difference, however, must take care of all 
manufacturing costs (the principal items of which are labor and 
supplies) including cost of the gas with additional charges for amortiza'- 
tion of capital investment, upkeep, taxes, insurance, general and over- 
head expense, and yet afford a reasonable margin of profit. 

That the casinghead-gasoline business as a whole is not as attractive a 
medium of investment as one would imagine is proved by the large 
number of dismantled plants and bankrupt gasoline companies in the 
Mid-Continent field. This statement is particularly applicable to those 
companies that must purchase their gas from producers at high prices and 
have made errors in estimating the available supply as well as quality of 
the gas to be used. There is considerable advantage in owning the oil 
leases and conducting operations thereon in the production of both oil 
and casinghead gas, using the latter in the manufacture of casinghead 
gasoline in one’s own plants. Also when refineries producing blending 
material and possessed of adequate distributing and marketing facilities 
are owned and controlled by oil companies, the conditions are conducive 
to a substantial margin of profit. The purchase and the consolidation of 
many smaller plants into the larger operating groups has been 
an important development in the evolution of the casinghead gas industry 
during the past 2M years. . This has been due to the fact that these larger 
organizations, with ample capital and facilities for disposing of the casing- 
head gasoline, experience little difficulty in maintaining to the fullest 
efficiency every agency calculated to reduce the cost of manufacture, 
thereby increasing profits. 
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Effect of Back Pressure on Wells in Brock Field 

By J. M. Lovdjot,* Tulsa, Obxa. 

(Ttilsa Mooting, Ootobor, 1023) 

Various cslimatcs have been made as to the percentage of oil loft 
in a field after the wells have become so small that it is no longer practical 
to produce them. Engineers have given the matter much study and can 
substantiate their figures by data taken from fields from the Appalachians 
to California. The average oil sand has a porosity of about 20 per cent., 
which gives a capacity per acre-foot of approximately 1600 bbl. The 
sand thickness in Oklahoma pools averages 20 ft. With 20 per cent, 
porosity and a 20-ft. sand thickness, the capacity per acre is 30,000 bbl., 
yet those pools will seldom yield more than 5000 bbl. to the acre. 

Tho8<« figures support the theory that at least 50 per cent, of the oil 
remains in a sand after all known methods to recover it have been used. 
Certainly wo can never recover all the oil, imless in years to come oil 
becomes so rare and yet so necessary that the price will justify sinking 
shafts into the abandoned fields and regular mining methods of drifting 
and stoping. However, with improved methods of production and 
conservation of the natural agencies of expulsion, we should bo able to 
increase recovery. It is with this in mind that this paper, relating to the 
oitoct of back pressure on wells, is presented. 

Except in the fields whore production is caused by hydrostatic pres- 
sure, the chief agency for getting oil out of the sand into the hole is the 
gas that occurs with the oil. After the pressure has declined, probably 
gravity also is a factor, but not an important one. With a given amount 
of oil in a sand and a given amount of gas occurring with the oil, the ratio 
of gas volume per barrel of oil is the key to the ultimate recovery from that 
sand. Our efforts should bo along lines that will lower this ratio and make 
the gas, the agency given us by nature, do its work bettor and yield more 
of the oil, of which it is a part. 

T. E. Swigart,* of the U. S. Bureau of Minos, has published an 
extract of the paper ho is preparing under the title “The Effect of Back 
Pressures on W^s." The experiments described were made on two 

* Divialon Manager, Amerada Petroleum Gorpn. 
i Amar. Ann. of PiSiiroL <3eol., BvU. 7, No. 1. 
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small pumping wells in Osage County, Okla., and the results show a 
considerable reduction in the ratio of gas per barrel of oil by producing 
the wells against a back pressure. Although Mr. Swigart’s work with 
back pressures is the only information on this subject that has been pub- 
lished, other tests made with back pressures against flowing wells have not 
only failed to show a reduction in gas ratio but show an actual increase 
in this ratio. The Mid- West Refining Co. conducted a series of tests on 
flowing wells in the Salt Creek field, under the direction of E. L. Esta- 
brook, which showed that straight back pressures did not lower the gas 
volume per barrel of oil. 

T. F. Morgan, in the September, 1923, number of Mining and Oil 
Bulletin of California, says: 

Restriction of oil production has undoubtedly assisted greatly in the conservation 
of gas, while its general effect has been to unnease the ratio of gas to oiL 

This applies to the large flowing wells in the fields of the Los Angoles 
basin. 

The experiments to be described in this paper confirm the conclusions 
of Mr. Morgan and Mr. Estabrook, as applied to small wells. Possibly 
the reason for the difference between these results and those of Mr. 
Swigart is that he was working with pumping wells only, while pumping 
and flowing wells are combined in these tests. 

Back Pbessttbes 

The experiments were carried out in the Brock Field in township 5 
south, range 1 east, Carter County, Okla., about 9 miles southwest of 
Ardmore. The field was discovered in January, 1920, and has boon 
developed slowly, now having thirty producing wells. All the productive 
leasehold is owned by the Amerada Petroleum Corpn. As the company 
operates a casinghead-gasoline plant in the field, means wore available, 
for metering the gas from separate wells, separate leases, and the entire 
field. 

The production comes from a series of sands in a shale-and-sand sono 
found from 1300 to 2000 ft. The average thickness of the sands is about 
20 ft. and the average initial production of the wells about 46 bbl. The 
sand is fine-grained and compact but not very hard. Only two wells 
in the field have been shot; shooting caused the sand to continue caving 
into the hole to such an extent that it required weeks to clean out and 
no benefits in production were obtained. 

Back pressures were first applied, to some of the wells, by ma-int.Mrimg 
15 lb. back pressure on a B^ard trap, the gas from the trap being used 
for drilling purposes. As the back pressure did not affect the production 
of the wells in the trap, it was decided to try higher pressures and 
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measure both oil production and gas volume. At this time, most of the 
wells were flowing through tubing set with a packer; a few were flowing 
through casing and some were pumping. Each well was then equipped 
with aspring release valve that could be set for any pressure desired and 
a pressure gage was attached to the lead line from each well. 

The results of the various back pressures used have been recorded 
from Jan. 1 to Sept. 15. The curves, Fig. 1, show that, during January, 
by building up pressures of 15 lb. and later releasing the back pressure 
entirely, there was little effect on the wells. In the period beginning 



10, with no back pressure, there is a gas ratio of 1160 cu. ft. per bbl. 
On April I, with a back pressure of 32 lb., the ratio was 1320 cu. ft. per 
bbl. On May 0, with no back pressure, the lowest ratio of the series of 
tests was rcoonied, being 1070 cu. ft. per bbl.; tho highest ratio is in the 
period beginning July 10, when with a back pressure of 76 lb., 1620 cu. ft. 
of gas was required to produce a barrel of oil. 

Tho higher back pressures, shown after June 20, were not applied 
purely in tho interests of scionco but because pro>rating became effective 
at this time and it was neoossory to ciutail production. 

It is interesting to note the generally higher gasoline content per 
thousand cubic foot of gas during the last two months of the tests, with 
the weUs producing against about 60 lb. back pressure. This may be 
portly accounted jor by the fact that during the very hot weather gas 
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lines were connected with the roofs of two 55,000-bbl. tanks full of oil and 
undoubtedly some very rich gas came into the plant from these tanks. 
However, we believe that a back pressure does increase the percentage of 
gasoline in the gas to some extent. The specific gravity of the oil did 
not appreciably vary with the back pressure. 


Date. 

Aveia^ 5 Dasns 
Beemoing 

Number 

of 

Flowing 

Wells 

Number 

of 

Pumjjing 

Average 

Back 

ProBaure, 

Pounds 

Total OU 
Froduo- 
tion. 
Barrels 

Total 

Gas 

Volume, 
1000 Cu. 
Ft. 

Gas Vol- 
ume per 
Barrel of 
Oil, Cubic 
Feet 

Gasoil uo 
Content 
per 1000 
Cu. ft. 

Gas, 

Gallons 

Jan. 1 

15 

4 

12 

950 

1,150 

1220 

2.0 

Jan. 16 

14 

6 

16 

975 

1,150 

1220 

1.74 

Jan* 26 

14 

6 


925 

1,300 


1.82 

Feb. 10 

16 

6 


1200 

1,375 

1160 

2.01 

Apr. 1 

17 

8 

32 

1100 

1,600 



May 6 

17 

9 


1160 

1,320 


2.27 

June 20 

18 

10 


1005 

1,276 


2.40 

July 10 

19 

0 

76 

510 

850 



Aug. 19 

18 


48 

500 

720 


2:70 

Sept. 13 

16 

0 

49 

350 

490 


3.15 


The average back pressure shown in the curves is simply a mathe- 
matical average; with an average pressure of 50 lb. some of the wells had 
as high as 90 lb. and others as low as 15 lb. After the pumping wells wore 
shut down in July, they were left connected to the traps and ixiado a small 
amount of gas. 

The back-pressure system of curtailing production has proved very 
satisfaetor;|^. The oO production desired can be controlled almost to a 
barrel by regulation of the back pressure. Frequent tests have boon 
made to ascertain whether or not ^e wells were being damaged by the 
heavy back pressures. In all cases, when all pressure was romovod, the 
wdls responded with the full production that they had previously boon 
making under open flow. 

STOP-COCKINa 

PreUminary experiments made by H. C. George, of the U. S. Bureau 
of Mines, on wells in this field with the stop-cocking method of producing 
gas, show satisfactory results, and at his suggestion further tests are 
being carried on. By this method, the well is completely closed until its 
maximum pressure is built up. It is then opened and, as the pressure 
rapidly goM down, a small flow of oil will follow. The valves are then 
closed again and the operation repeated. 

An apparatus has been devised by Mr. Bach, of the Amerada Petro- 
leum Corpn., which automatically opens and closes the valves at the 
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proper times, so that a continuous operation is possible. The results of 
the tests already made are encouraging and we trust that further work 
with this method will show as good results. 

From Sept. 1 to 20, inclusive, well flowing through tubing and with 


no back pressure. 

Gas passed 554,500 eu. ft. 

Oil produced 551 bbl. 

Average daily oil production 27.5 bbl. 

Gas per barrel of oil 1006 cu. ft. 

From Sept. 21 to 25, inclusive, with apparatus attached allowing well 
to flow entirely open each time a pressure of 50 lb. was reached. 

Gas passed 129,405 eu. ft. 

Oil produced 155 bbl. 

Average daily oil production 31 bbl. 

Gas per barrel of oil 834 cu. ft. 


Not only was the gas volume of oil decreased by 172 cu. ft. per bbl., 
but the actual production of the weU was increased from 27.5 to 31 bbl. 

Tlie well would make two flows about 20 min. apart and then would 
not flow again for nearly 2 hr., although in some cases during the 2-hr. 
period the well would build up enough pressure to cause the valve to 
rclejiso but would not be followed by a flow of oil. This well was equipped 
with 3-in. tubing. It is thought that oven better results will be obtained 
by this method from wells equipped with 2-in. tubing. 

CON'ClXrSIONS 

The writer hesitates to present conclusions. It is difficult to believe 
that back pressure on flowing wells is a waste rather than a conservation 
of natural forces. Yet this is the result of our tests on straight back 
pressures, although the testson the stop-cocking method give encouraging 
results. It is hoped that more work will be done along these lines and 
that true conservation and consequent methods of increasing the ultimate 
recovery will soon be discovered. 

DISCUSSION 

K. L. Estahrook,* Casper, Wyo. (written discussion).— This subject 
is part of the general problem of the efficient utilization of the lifting 
power of gas in oil wells, the study of which is likely to lead to increased 
recoveries of oil from sands with greatly decreased costs of production. 
That the author’s results do not comcido with those of other investigators 
illustrates a fundamental difficulty in generalizing on this problem. 
Every oil well is individual; it varies from every other well in the amount 
and relative proportions of oil and gas being produced, as well as in rock 

*Petxo]*um Praduotion Bnglaeer, Midwest Beflning Co. 
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pressure, sand conditions, offset wells, etc. The size of the casing or 
tubing through which the well is produced, the size of the flow nipple, 
the location of the packer, the location of the perforations through which 
the oil and gas enter the tubing also affect the results in such tests. 

The studies that have been made indicate that we need to know much 
more about the various conditions that affect the efidciency of the use of 
the lifting power of the gas in a producing oil well. We need descriptions 
of the visible evidences of efficient and inefficient production so that 
field methods may be improved without the necessity of metering the gas 
or measuring the pressiire of every oil well. Probably all will agree that a 
steady stream of oil completely filling the opening through which it flows, 
and permitting the escape of no undissolved gas, represents the most 
efficient utilization of the gas of a flowing well. This standard may be 
easily attained in certain weUs but is difficult, or perhaps impossible, 
wits' others in which the natural proportion of gas to oil is higher. In 
the Salt Creek field, some wells produce as little as 400 cu. ft. of gas per 
barrel of oil, while in others it has not been possible to reduce the gas 
volume below 2000 cu. ft. per barrel. 

H. C. George,* Ardmore, Okla. (written discussion). — From experi- 
ments with back presstire and stop-cocking wells in the Brock field, I 
conclude that the more favorable results secured by stop-cooking, as 
compared with constant back pressure, were due to the fact that with 
stop-cocking the wells were entirely closed in more than half of the 
time, so that no gas escaped; when the well was opened, the release of 
pressure usually resulted in a flow of oil with the gas. On the other 
hand, when the back-pressure valve was set for a given pressure, much of 
the time gas was escaping through the valve without being accompanied 
by a flow of oil. By both of these methods, as xised at the Brook field, 
the oil flowed by heads. 

The use of flow nipples, or the use of tubing of only sufficient internal 
sectioixal area to accommodate the oil production by continuous flowing, 
would have shown a still lower production of gas per barrel of oil than 
either of the methods used. This belief is not based upon any experiments 
that I have made but on the results observed at flowing wells in Penn- 
sylvania where lJ4-in. tubing was used, results observed at several 
large wells in the Mid-Continent flowing continuously for a period of 
several months, and the use of flow nipples in some of the largo wells 
of California. 

In oil-field practice, that size of tubing used in a flowing well invariably 
has been of the size that the operator expected to use later for pumping 
the well. This has been the main consideration in making the instal- 
lation of tubing at the flowing well, and has in most eases resulted in the 
use of tubing too large for the flowing weU. 

* Petroleum Bogineer, U. S. Bnieau of Mines. 
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Trend of Prices in the Petroleum Industry 

Bt Joseph E. Pooitb,* New York, N. Y. 

(New York Meeting, February, 1924) 

The prices of crude petroleum and its derivatives have shown an 
upward trend from 1916 to 1920, and a downward trend from 1920 to 
1923, see Table 1. Over the former period, oil prices were dominated 
by the rapidly increasing demands and inflation incident to the war and 
its aftermath, while over the latter period oil prices were influenced 
at the outset by deflation and then by the conditions of overproduction 
that have characterized the past three years. The purpose of this paper 
is to analyze the broader features of the more recent price movements 
in the petroleum industry and to relate these features to basic economic 
conditions in the industry. 


Index Numbers of Oil Prices 

The analysis and comparison of price movements may be facilitated 
by converting actual prices into relative prices, or index numbers, with 
1913 taken as a base of 100. In this way, the various price groups are 
e^icprCRSod as percentages of the 1913 prices and may thus be readily 
compared with one another or with the average prices of other 
commodities similarly expressed. 

Table 1 gives the index numbers representing the average prices of 
crude petroleum, gasoline, kerosene, fuel oil, lubricating oils, and all 
commodities. The last named is the index of all commodities as pub- 
lished by the U. S. Bureau of Labor Statistics and is widely accepted 
as tho official measure of the general price level. The index numbers of 
oil piioes were calculated by the writer from weekly quotations published 
in trade journals. 

Fig. 1 shows in grapliic form the trend of oil prices by months over 
the period 1920-23. It may be observed that the prices of crude oil and 
.its derivatives move in rough conformity with one another; tend to follow 

* Consulting Enginsor, Now York. 
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broadly the course of the general price level; and show a sort of cyclical 
movement — down, up, down, up, down — over the four-year period. 
The chart illustrates clearly the drastic decline in oU prices that charac- 
terized the last three quarters of 1923, following the period of advancing 
prices in the first quarter. Attention is directed particularly to the 
drastic fall in gasoline prices in 1923, the price of this commodity reaching 
a levd far below the low point of 1921. 



DEmxiON OF Oil Pbices fbom the Genbbal Pbice Level 

The price levds shown in Table 1 and Fig. 1 result from two sots of 
causes, Ihe one arising from conditions within the oil industry, and the 
other from variations in the general purchasing power of the dollar. 
In order to eliminate the latter factor, the index numbers of oil prices 
were divided by the index numbers representing the general price level, 
and a new set of figures was obtained expressing oil prices in percentages 
of the general price levd. These figures were then plotted by months 
for the period 1913-23, with the results shown in Fig. 2. 

Study of Fig. 2 will reveal the cyclical character of the price move- 
ments in their broader aspects. In the 11-year period covered by the 
chart, there were six broad downward movements and five upward 
movements. Thus five and one-half cycles were described. The more 
recent <ycles were briefer in duration than the earlier ones. At the close 
of 1923, prices were at the bottom of a cyclical movement. In the past, 
such a position was invariably followed by a major upswing. 
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OVBBPHODTTCTION OP CRUDE OHi, 1921-23 

The dominant factor in oil prices during the past four years (aside 
from the general deflation that affected all prices in 1920 and 1921) was 
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the almost unbroken state of overproduction that beset the industry 
over this period. The degree and variation of this condition of ovei> 
production are shown in Fig. 8, in which the daily rate of additions to or 
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Fio, 4,— Trbnp or aMomm stocks m tJuxTBO Status, 1919-23. 







JOSEPH B. POGTTB 


1163 


withdrawals from crude-oil storage are shown by months for the period 
1919-23. It may be readily seen that from the middle of 1920 until the 
end of 1923 there was practically a continuous addition to crude-oil 
stocks, with a period in the fall of 1921 when a sharp drop in the rate of 
addition to storage took place, and a period at the close of 1922 where 
there was a brief and slight withdrawal from stocks. These two periods 
were followed by general price advances (see Figs. 1 and 2), while the 
intervening time was marked by declining prices. Again, during Decem- 
ber, 1923, the rate of additions to crude-oil storage decreased sharply as a 
result of declines in flush production in the Sante F6 Springs and Powell 
pools, and tliis change was followed almost immediately by the beginning 
of an upturn in oil prices. Without resorting to further details, the 
conditions of crude-oil supply and demand depicted in Pig. 3 afford an 
explanation of the broad movement of oil prices over the past few years. 

OvERpnoDuenoN op Gasoline in 1923 

The price of gasoline suffered a severe decline in 1923, reaching 84 
per cent, of its pre-war price (see Table 1 and Fig. 1). If corrected for 
the difference in the purchasing power of the dollar, the price of gasoline 
in 1923 reached the lowest level attained in the past 11 years. (Sec Fig. 
2.) The explanation of this severe decline lies in the overproduction of 
crude oil coupled with the overproduction of gasoline. The extent of 
the oversupply of gasoline in 1923 is clearly indicated by Fig. 4, which 
shows by months the level of gasoline stocks in the United States. The 
abnormal rise of gasoline stocks during the first third of 1923 is apparent 
at a glance. It is noteworthy that stocks of gasoline become excessive 
before the price of crude oil collapsed os a result of the overproduction 
of this raw material, particularly in the flush pools of California. 
Therefore an ovorsupply of gasoline in the winter of 1923 must share with 
an overproduction of crudo oil the responsibility for the price d6b4cle 
of 1923. 

Bunciiinq op Flush Pools in 1923 

The year 1923 was charaotorizod by the bunching of a large number of 
largo oil-pools. During the 60-odd years of the American petroleum 
industry, there have boon 16 oil-pools that have attained a maximum 
daily rate of output exceeding 100,000 bbl.; and of these 16 pools, 8 
reached their poaks within a period of seven months in 1023.‘ (SeoFig.5.) 
This telescoping of flush production was the primary factor underlying 
the condition of overproduction that led to the price declines of 1923, 

> A theory to aooount for this phenomenal bunching of flush pools is ghrenby the 
writer in s paper entitled “The Bearing of Improved Technique Upon the l^oduotion 
of Petroleum in die United States," presented before the Ametiean Ststistleal Aseo- 
oiation on Deo. 28, 1923. 
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and contrariwise is the occasion of the recent sharp drop in production 
which has initiated a new upward move in oil prices. 


Table 1. — Trend of Relative Prices of Crude Petroleum and Its Derivatives 
in the United States, by Years from 1913 to 1923 Inclusive, and by 
Months, 1922 and 1923 


(Prices in 1913 « 100) 
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Price Trend fob 1924 

This analysis has shown that oil prices move in cycles and that the 
dose of 1923 saw oil prices at the bottom of a sharp downward movement 
which had brought prices to levels approximately equaling the lows of 
previous major down-swings. Low prices usually correct the conditions 
that cause the declines, so that advancing prices follow. The year 1923 
came to a close with oil prices in a technical position for an upward move- 
ment, and this tendency was given free play by the sharp drop in produc- 
tion resulting from the synchronous decline of eight major flush pools. 
It is probable that we are now in the presence of a major upswing in the 
prices of crude petroleum and its derivatives. 

DISCUSSION 

E. DbGolyer, New York, N. Y . — An extremely large part of our 
production has come from big flush pools. If a field attained 80,000 
bbl. per day, it was big Audi production just as much as if it reached the 

100.000 bbl. mark. At the time we reached our maximum production 
last year, in the week ending Sept. 8, when the daily production was about 

2.250.000 bbl., more than half the production was coming from the eight 
flush pools. 

The whole point to that is, that in order to maintain even what 
mi^t be called a more or less normal production, we must have continual 
replacement of pools passing from their flush stage by the discovery of 
other pools that devdop into flush pools of great importance. 

It is extremely important to us whether these pools are found by luck 
or by skill or a mkture of both. If they are found by luck, that is if their 
development is more or less accidental — ^I do not agree with the idea 
recently expressed by several that we find all these flush pools because 
we have greatly developed our technique of oil production— if it is more 
or less of a coincidence, it is pretty certain that we are not going to have 
a bunching of pools like this again in the near future. The laws of prob- 
ability and chance are strongly against it. If these pools are found as n 
result of skin we should have continued overproduction for some time 
to come. 

Undoubtedly both luck and skill have their effect. Improved 
technique, the ability to locate wells better and to drill them to constantly 
greater depths certainly has a great deal to do with these flush pools. 
Many of them could not be drilled without this improved sldll, but im- 
proved technique in finding these flush pools is something about which 
I am not certain. 

Take the eight flush pools mentioned, which caused the trouble last 
year. No group of unprejudiced oil geologists will maintain that they 
were discovered by reason of any marked advance in geologic ability; 
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in other words, the discovery was largely accidental. Take the three 
fields (Huntington Beach, Long Beach, and Sante F4 Springs) in the Los 
Angeles basin; after going there last fall, seeing the geology, and learning 
what the California men had to say about the surface geology, I believe 
that the discovery of the fields was rather a daring piece of wildcatting. 
I doubt very much whether the average man would put his money into 
a similar proposition if one were able to take it to him tomorrow; that is, 
a big hill in the midst of a basin of comparatively recent deposits. At 
Tonkawa, in Oklahoma, the southern end of the pool is well expressed 
geologically; the northern end runs off into the fiood plain of the river 
and there is no surface geology. That is not really important as the 
discovery was made on the southern end, and as the geology is well 
expressed there, we might give Tonkawa 100 per cent, as a geologic pros- 
pect in advance. Burbank and Smackover arc not indicated on the 
surface. There is a little structure at Burbank, where the discovery 
wcU was drilled for gas, but there is no inviting structure with parallelism 
of surface and subsurface beds. There is no indication of the pool 
as it afterward developed; it was a matter of sand condition and not a 
matter of structure. At Smackover, I do not believe anybody knew what 
the structure was. Powell is another place where there is some geologic 
expression, but it was rather thin. 1 always refer to it as a t3rpe of field 
that is better explained geologically after it has been discovered by 
a wildcatter. 

So, to my mind, the bunching of these fields is more of a casual occur- 
rence than the result of an improved technique in oil finding. I do not 
moan that no credit is duo to the improved technique in oil finding nor 
that there is none duo to improved drilling technique, but I do not think 
the picture presented by these fiusli pools justifies any strong claims as to 
ovjr ability to go out and find more pools like them. 

C. W. Hamilton, Now York, N. Y. — ^It seems to me that the author 
should include the possible influence of foreign production in his interpolar 
tion of the trend of prices in the petroleum industry. He has brought out 
clearly the effect of bunching of peak production for the bonanza pools 
of the United States, but he has not taken into consideration the trend 
of oil production in Mexico, which has had some bearing on the crude 
market in past years. At the present time, one field in Mexico is produc- 
ing more oil per day than any single field in the United States. 

Jay A. CAnPBNTan, I^os Angeles, OaUf. — I would like to take excep- 
tion to the statement concerning the Long Beach, Sante F6, and Hunting- 
ton Beach fields. The original discovery of those fields was not made by 
wildcatters, but by men of such companies as Standard Oil and Union 
Oil, who are able to drill the wells 5000 ft. deep and take the law of aver- 
age for their profit. Our overproduction has been from the promoter 
typo, who follows into the field, draining it too rapidly. 
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E. DeGoltbr. — think my remarks have been misunderstood. I 
did not want to maintain that the discovery was the result of stock 
speculation. I am always ready to defend the statement that a large 
number of our fields are found on the basis of capital loss. The wild- 
catter — ^the little syndicate that goes out and puts $30,000 or $40,000 (or 
whatever it can get together) into a venture, and drills a wildcat well, and 
in ninety-nine cases out of one hundred loses its money, has a function and 
performs it. As far as the promoting type is concerned, I had no refer- 
ence to that at aU. 

1 realize that the geologist must go farther afield in speculative fashion. 
No man can wait until he finds an anticline like Cushing in Oklahoma; 
men are going out and drilling on poorer evidence all the time. They are 
approaching more nearly the type of operation of the old wildcatter. 
As they are exhausting possibilities, they are coming closer to going out 
and drilling wells, as has been so well expressed, on the law of averages. 
There is no question but that a good deal of oil production can be built up 
on that basis. The oil industry ran for a long time almost altogether on 
that basis, and some important oil companies have been built up alto- 
gether on that basis. 

H. A. Wheeler,* St. Louis, Mo. — ^This paper clearly brings out the 
extreme importance of these eight major pools that are of so very recent 
discovery. If you will look back ten years you will recall that 95 if not 
99 per cent, of the oil companies looked on geologists as “doodle-bugs;” 
and even today over 76 per cent, of the oil operators east of the Missis- 
sippi, who are old oil men bom and brought up in the business for one or 
two generations, stiU look upon geologists as “doodle-bugs.” It is cer- 
tainly significant that since the oil geolo^st has been recognized and 
appreciated by financiers and progressive operators, we have had this 
most phenomenal bringing in of eight bonanza pools. 

WMe the geologist must sometimes take considerable risk, when he 
can only obtain fragmentary evidence that is not conclusive, and conse- 
quently sometimes fails, he has been responsible for opening up many new 
oil pools and he wQl make Colorado our next big producer, which up to 
three months ago was one of the worst graveyards in the past 40 years. 
The recently discovered WeUiogton dome was drilled ton years ago on a 
structure that 1 understand is self-evident, but they did not go deep 
enou^ When first drilled, we did not realize the groat depth of the 
sand and outside of CaMomia a well over 4200 ft. deep was regarded as 
impracticable. Since then we have greatly advanced in our technique 
and capital is willing to finance these costly “wildcats.” I thinlr geolo- 
gists are entitled to more credit than our chairman su^sts. 


CoDBOltiug Eogmeer. 
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There is one thing that I want to mention in connection with this 
paper. The author showed a rapid increase in gasoline stocks, but our 
consumption was 20 per cent, greater last year than ever before. If we 
turn out 4,000,000 automobiles this year, or the same as last year (and 
some have estimated as high as 5,000,000) and as there are over 15,000,000 
registered cars, we are going to run into a heavy shortage of oil next year, 
if not before the end of this year, unless two or three new gusher or 
bonanza pools are discovered. 

It is going to be extremely interesting to see whether that hiatus 
will occur, or whether a good many of the areas will be opened. As it 
seems highly improbable that the unparalleUed discoveries of the past 
throe years will be duplicated, the outlook for future prices for crude oil 
is very encouraging. 
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The Law of Supply and Demand 

Bt Abthto Knapp, PhhiAbeiphia, Pa. 

I (New York Meeting, February, 1924) 

The law of supply and demand is, in general terms, that' law which 
governs the price of any commodity in an unrestricted competitive market. 
There are several variables which, for the purpose of this discussion, 
will be defined only as they apply to the petroleum industry: 

Production: The volume of petroleum that is moved from leases. 

Stocks: The volume of petroleum that is in the hands of the tank 
farm and pipeline companies. 

Irwentory: The value of the stocks at the market. 

Consumption: The indicated delivery of oil to others than those who 
hold stocks. 

Demand: The potential absorbing power of the consuming market. 
Demand is the expression of the needs of the consumer and may depend 
on the economic value of the oil to the consumer. In times of low prices, 
the demand is the same as the consumption but during periods of high 
prices or deficiency in supp]^, the demand may be greater than 
consumption. 

A general expression of the law is as follows: 

production 
or 

Some relation between stocks 

or 

inventory 

The Law as Applied to Cbtob-oHi Market 

The above general expression of the law shows that there are six 
relations between variables that must be investigated in any attempt 
to establish the exact status of price control at any time. 

Production vs. Consumption 

n stocks of crude oil were very low, so that the flow of oil to the market 
was directly from the producer to the consumer and not, in a large 
measure, through stocks, some relation between production and consump- 
tion would be proportional to price changes. We have no criterion 
whereby we can tell, at present, what volume of stocks and production 


and 


consumption 
or 

demand 


controls price 
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would bring about this phase because this condition has not existed since 
the early days of the industry. 

The increases in crude prices that occurred in January, 1924, were due 
to the influence of a decrease in production but not because of the volume 
of production. This price increase is largely due to the anticipation 
that there will be a draft on stocks. 

Stocks vs. Consumption 

Many attempts have been made to appty the expression, “Stocks -f- 
Consumption = Days’ Supply,” as beingtheexpressionofthekwofsupply 
and demand under the present conditions. If a simple ratio between 
the volume of stocks and the volume of consumption expressed the law, 
there should be some similarity between the curve of this ratio and 
the curve of price. There is no close economic relation between “days. 



Fim. 1. — Ratio or batb or mcnnAsig or stocks to rath or nroBXASiii or 

ooMsmimoN. 

supply” for any two periods hence it is not an expression of the law 
of supply and demand. Certainly the economic relation between 2 
days’ supply and its corresponding consumption and price and 200 days’ 
supply and its corresponding consumption and price is not expressed by 
the ratio of 2 to 200. When stocks become so low that days, supply has 
any economic significance, then production would have more effect 
on price than would the volume of stocks. 

Consider, however, not the ratio of the volmnes of stocks and con- 
sumption but the ratio of the rate of change between the two. Let dC 
represent the rate of change of consumption from month to month and 
dS the rate of change of stocks for corresponding periods. Then B, or the 
ratio of the rates of change, iadS dC. The relation between a curve 
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of the expression R — dS -f- dC and the price of Mid-Continent crude is 
shown in Fig. 1.* The curve for R is readily found, for R = dS -f- dC.= 
Log S Log C and if S and C are plotted on semilog paper, the curve 
for R may be taJken directly from the distance between these two curves 
from month to month. 

The close relation between price and the expression R = dS -i- dC 
would seem to indicate that at present a large or sustained change in the 
ratio of the rate of change of consumption and stocks is influential in 
bringing about price changes. As the ratio curve moves up, consump- 
tion is increasing faster than stocks increase, and as the curve moves down 
the rate of stocks increase is the greater. During the period A, there was 
every reason for prices to increase, but this was during the war when there 
was war-price regulation. At the close of this period, there was a great 
slump in consumption which coincided with the end of the war. During 
the period B, consumption began to increase more rapidly than stocks 
with the resulting rise in prices starting in November, 1919. During the 
period C, there was little change in the relative volume of consumption 
and stocks and no change in price. During the period D, which coincided 
with the period of general industrial depression of the country, the rate 
of stock increase was the greater for nine consecutive months; and after 
this condition had held for four and a half months prices began to drop. 
Prices continued to drop until they were influenced more by the actual 
cost of drilling than by the conditions of stocks or consumption, but an 
immediate recovery of consumption brought about a recovery of prices 
during the period JS. During the period F, there was again a more rapid 
increase in stocks tham in consumption; but during the first six months 
of 1922, there was a decided tendency on the part of the entire petroleum 
industry to attempt to stabilize prices. Also, the Mexican situation was 
such that relief from that quarter was momentarily expected. The price 
decline that the ratio curve indicated as being due in January, 1922, 
did not occur until July, when consumption was relatively on the increase. 
The rise and fall of price during the period H were due to an adjustment 
of the position of several of the larger purohasmg companies in the crude 
market and had no '^coimection with the general economic dtuation. 
The price change in the period I follows no change in the ratio curve, 
which would indicate some new influence. This influence is inventory 
rather than stocks. 

Inventory va. Conaumption 

Enough data are not available to indicate what the exact relation is 
between invaitory, consumption, and price. There is every evidence that 
the price changes during the period I were due to the fact that the stocks 
of the country, rrrespective of the volume of consumption, had become 

* A poitioii of this curve was printed in OU Waeildy (3m. 20, 1928). 
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a jSnancial burden that the industiy was unable to bear. It is probable 
that when the inventories in any industry become excessive prices will 
fluctuate widely although there is little change in consumption. The 
upward tendency in prices, starting late in December, 1923, would indi- 
cate that the petroleum industiy had adjusted its financial situation with 
respect to the financing of stocks and that prices in the near future may 
again be influenced by the stock-consumption change ratio. This change, 
as stated before, is also influenced by an anticipation that there wiU be a 
draft on stocks. The present price level cannot be maintained if there is 
not a draft on stocks in the near future. 

ProdueHon, Stocks, and Inventory vs. Demand 

We have nothing on which to base any supposition as to what will 
happen to prices when demand cannot be met to the extent that demand 
rather than consumption will influence price. Prices will be governed by 
the economic value of the oil to the consumer. It wiU be a condition 
where the price will be influenced by the price that the consumer is wiUing 
to pay as much as by the price that the petroleum industiy is willing 
to take. 

Law as Appubd a?o Gasoline 

The variables is this case are defined as before except the foUowitig: 

Production; The output of all refineries. 

Stocles: The volume of gasoline held by refineries. 

Production vs. Consumption 

As in the case of crude oil, the relation production vs. consumption 
would only operate if the stocks of gasoline were economically very 
small. Curves of ather production divided by consumption or the ratio 
of change of production and consumption show no relation to the price of 
gasoline. Ji^g. 2 shows the curve of the relation i2 « dP -f- d<7. 

Stocks vs. Consumption 

A curve of the number of days, supply of gasoline shows no relation 
to price and indicates that the law is not expressed by this ratio. The 
relation IS ■■ -»< dC is shown in Pig. 2. An inspection of this curve 

diows that there is no relation between this expression and price. 

Inventory vs. Consumption 

It is probable that the volume of stocks of gasoline has been so large 
for the past four years that the difiSoulty of providing storage has had an 
Muenoe in keeping down prices. When stocks or inventories are exoes- 
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sive, fluctuations in price may be expected to be erratic variations in 
consumption would have only a minor mfluence on price. As soon as 
the relation of consumption to refinery output changes so that stocks 
or inventories are no longer econonucally excessive, the law of supply 



and demand will no longer operate under the inventory vs. consumption 
phase of the law. 

The relation between gasoline prices and the volume of stocks during 
the past four years' is shown in Fig. 3. The years 1920 and 1922 form 
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a period in which it is difficult to determine whether the volume or the 
inventory of gasoline was the predominant influence but both had more 
influence on price than had consumption. iDuiing the year 1928, it 
seems certain that inventory had the greater mfluence on price. In Fig. 
3, price follows the general trend of stocks with remarkable r^ularity. 
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The curve of stocks of gasoline shown in Fig. 3 is the average of three 
curves in which the influence of seasonal changes has been approximately 
eliminated. The first of these curves was obtained by considering the 
seasonal changes of the year 1918 as being typical. The stocks on hand 
for each month during the following years were plotted as a percentage 
of the corresponding month in the typical year. The second and third 
curves were procured by considering 1919 and 1920, respectively, as 
being typical years and plotting the curves of the following years as per- 
centages over the type year. These three curves were averaged to give 
the stock curve of Fig. 3. 

SXJMMABT 

The general law of supply and demand, as applied to the petroleum 
industry, is composed of a number of distinct laws or relations between 
production, stocks, consumption, etc. The law that is in control at any 
time depends on the conditions within the industry at that time. No 
one law can be applied to cover all price changes. 

When conditions are such that one law holds for some time, there 
is a close similarity between some mathematical expression of the law 
and the curve of price. The author contends that the curves presented 
are conclusive proof that the prices of petroleum and its products are not 
subject to manipulation. 
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Oil and Gas Leases* 

By RTOH GBBHNSIiADB, TtJIBA, OkLA. 

The oil and gas lease is the basic contract of the oil and gas industry ; 
it is the foundation stone upon which the producing industry, particularly, 
is based. As the industry is precarious and highly speculative, the 
foundation contract should be of the utmost integrity and certainty. 
But right there an anomaly exists; the oil and gas lease is the most 
obscure, most uncertain, doubtful contract in the realm of law today. 
That is a condition that must be considered when taking oil and gas 
leases, and when buying, selling, and holding them. 

It may fairly be asked why should this industry rest upon so insecure 
a foundation. Why should not the oil industry rest upon the contract 
that is the basis of all industry, the warranty deed? There are many 
contributing reasons, but the principal one is business expediency. 

The Anglo-Saxon idea of ownership of land is that every land owner 
owns from the center of the earth to the sky — all that is above and all 
that is below — consequently the oil and gas are owned by the person 
who owns the surface. That idea is not exactly true with reference 
to oil and gas, for many states have adopted the doctrine that oil 
and gas are like wild animals; they are fugacious and migratory and 
belong to the man that traps them. But, except for that doctrine, we 
believe that oil and gas are owned by the owner of the surface, wherein wo 
differ from the Latin-American countries where the mineral rights are 
owned by the government. 

The United States was settled largely by homesteading. The owners 
of land were, in the main, farmers, who did not have the means or the 
faith to drill for oil or gas. The operators or speculators did not want to 
buy the land on the mere possibility of finding oil; hence a compromise 
resulted by which the land owner gave the speculator or the operator 
what he c^ed an oil and gas lease, or a right to go upon his land and drill 
for oil and gas. What is supposed to be the first oil lease placed on record 
reads as follows: 

igreed this 4th day of July, a.d. 1868, with J. D. Angier of Cherrytree township in 
the county of Venango Pennsylvania that he shall repair up and keep in order the old 
oil springs on land in said Cherrytree township, or dig and make new apringe, and the 
esepense to be deducted out of the proceeds of the oil, and the balance, if any, to be 

* Presented at a meeting of the Mid-Continent Local Section, held in Tulsa, 
Okla., March, 1924. 
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equally divided, the one-half to J. D. Angier and the other half to Brewer, Watson & 
Co. for the full term of five years from this date, if profit^le. 

Bbewbb, Watson & Co. 

J. D. Anqinr. 

Crude as that may seem, it contains the germ of present oil and gas 
leases, and when that form is compared with the forms in use today we 
will see that it is not nearly so crude as it seems at first. If an oil and gas 
lease is the foundation stone of the industry, is the basic contract, we 
should know something about what it is and the nature of the rights 
conferred by it. 


Lease Fobhs 

An oil and gas lease is a contract by which one man, who owns a tract 
of land, grants to another man the right to go upon his land and take away 
oil and gas or other minerals. That is the heart of the contract. All 
else is merely incidental or is intended to conserve or modify the primary 
right. That primary right is what lawyers call an incorporeal heredita- 
ment, moaning thereby something that can be inherited. An incorporeal 
hereditament is an intangible right, a spirit right, something attached to 
laud but not a part of the land; in other words, a profit or a right attached 
to land growing out of the land and capable of being inherited, 
lllackstone says: 

Common, or right of common, appears from its very definition to be an incorporeal 
hereditament; being a profit which a man hath in tlie land of another. . . . Common 
of turbary is a liberty of digging turf upon another’s ground. There is also a common 
of digging for coals, minorals, stones and the like. 

This differs from common of posturo because it grants the right to 
take away the land itself. 

A century before the first oil and gas well was drilled Blaokstone and 
^0 lawyers of that day had in mind what is an oil and gas lease today; 
namely, what ho caUs a common of turbary, or the right I have to go upon 
your land, extract your oil and gas, and carry it away. 

In Oklahoma, there are two principal forms of oil and gas leases— 
departmental and commercial. Departmental leases are those pre; 
scribed by the Secretary of the Intmor for xise upon restricted In^an 
lands. There are three principal forms, one each applying to the live 
Civilized tribes, the Osages, and the uncivilized tribes in the western 
part. Those lease forms are arbitrarily fixed by the Department of 
the Interior and cannot be changed; they can only be procured by com- 
plying with the rules and regulations of the Department. There is no 
room for batter or trade except as to price; the form of the instruments 
themselves oannot be ohanged. 
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Aside from the restricted Indian lands, which are rather large but in 
proportion only a small part of the acreage in Oklahoma, there is no 
public land in Oklahoma or in Kansas; that is, land owned by the United 
States Government. There is a possible exception in certain river beds. 
The only public land in Oklahoma outside of certain river beds are 
Sections 16 and 36 in Oklahoma Territory, which have been, and may now 
be, school lands; that is, they have been given to the State of Oklahoma 
for school lands and, if not sold by the State of Oklahoma, are still school 
lands. Aside from these, aU the land in Oklahoma and Kansas is pri- 
vately owned and is subject to oil and gas leases. 

A year or so ago a number of operators, cooperating with tho Mid- 
Continent Oil & Gas Association, prepared a new form of oil and gas 
lease which is known as the Mid-Continent form 88; this I regard as tho 
most up-to-date and complete form of commercial oil and gas lease in 
use. I am not smre that it is used very generally, but it should bo. 

Right to Go upon the Land . 

There are six aspects of that lease to which 1 want to call your atten- 
tion as briefly as possible. In the first place, the grant itself, which 
is as follows: 

That lessor, for and in consideration of the sum of $ in hand paid, and 

of the covenants and agreements hereinafter contained to be performed by tho lessee, 
has this day granted and leased and hereby grants, leases and lots unto tho hwHoo for 
the purpose of mining and operating for and producing oil and gas, casinghead gas 
and casinghead gasoline, laying pipelines, building tanks, storing oil, building towors, 
stations, telephone lines and other structures thereon to produce, save, take earn of 
and manufacture all of such substances, and for housing and boarding employees, tho 
following described tract of land. 

Here, I would call attention to the fact that although both aro mix- 
tures of hydrocarbon compounds, oil and gas are not synonymous Icnns. 
As used colloquially or legally, oil is not gas and gas is not oil, ami casing- 
head gas is neither, although it has been claimed to be oil. Conse<iuently, 
a lease for oil only is not fulfilled by drilling a gas well; and, conversely, 
if a lease is made to read “as long as gas is found in paying quantities,” 
it will not be held by an oil well. In the Osage, for example, tiusro aro 
gas leases and there are oil leases, and they are sold separately. 

Practically all of the oil and gas leases in common use are full enough 
in this particular, with possibly one exception— the use of tho promisos for 
building houses for employees. Considerable controversy has arisen in 
the last few years concerning that subject, and it is well to avoid tho 
question by inserting in the lease a particular provision giving tho lessee 
that right. 

No matter how many tracts of land are described in the loose, it is 
one lease. In other words, the lease may describe five or six tracts of 
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land, yot the drilling of a well upon any one of those tracts or the produc- 
tion of oil upon any one of those tracts operates to hold the entire amount 
of the acreage. Each contract rests upon its own bottom; it stands or 
falls by itself, regardless of the fact that the land is in one tract, two 
tracts, or ten tracts, contiguous or non-contiguous. 

Descbiption OS’ Land 

Practically all the land in Oklahoma and Kansas and the other Mid- 
Continent states has been surveyed by the United States Survey and 
should bo described by township, section, and range. In states where 
the lands are not surveyed, they must be described by metes and bounds, 
or by boundaries; then the question is to have the description certain 
and definite. I recall examining a lease on a large amount of land in New 
Mexico that described the land by metes and bounds. It started with a 
black-oak tree, f<illowod to a point some distance away, and finally to a 
canyon, thence down the canyon to “ the place where the men were killed.’ ’ 
1 thought that there might bo some question about the place where the 
men wore killed, but as a matter of fact that was a good description, 
because the point so designated was locally well known and well fixed; it 
was the place whore a party of explorers was drowned while fording the 
creek in l.hat canyon. Though it seemed indefinite and uncertain, this 
was a<!tually a good description. 

Tbbm OS' Lease 

The next point to which I would call attention is the term of the lease, 
which is as follows: 

This Icaue shall romain In force for a term of ten (10) years and as long thereafter 
os oil, gm, oasinghood gas, owiinghoad gasoline, or any of thorn is or can be produood. 

In practically all oil and gas leases there are two terms— the primary, 
or fixed, term and the secondary, or indofinito, term. The primary term 
is usually five or ton years; the secondary torm, "as long thereafter as oil 
or gas is produced." When taking, buying, or selling a lease, the term 
is very important. For oxamplo, a lease broker buying a cheap lease with 
the thought of solUng it should endeavor to obtain a long term lease 
because it is easy to soil. For an operator buying a piece of close-in 
acreage that he wishes or is willing to drill within the next year or so, 
the term is immaterial eo long as it will giro sufficient time to complete 
the well. For a geologist who has located a structure and is endeavoring 
to block that structure and sell the block, or have the block drilled, the 
leases should contain torms long enough to give the operator a ebimee 
to drill a test well and hold the remaining leases without having to drill 
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on them. These are simply matters of detail, and yet they are gener- 
ally overlooked. 

In that connection, it must be home in mind that in calculating the 
time the first day is included and the last excluded. Consequently, a 
five year oil and gas lease dated March 8, 1924, will expire on March 7, 
1929, and not on March 8. 

Dbillino aitd Rentals 

From a practical standpoint the drilling obligation and the rentals 
form the most important, if not the most important, points of an oil 
and gas lease. Leases are classified as what are colloquially known as 
“unless” leases and “or” leases. An “unless” lease is, for example, a 
Producer’s form 88 lease, which provides, in substance, that it shall 
terminate on a certain day or at a certain time one year from date unless 
the lessee commences a well, completes a well, or pays a rental. In 
other words, it creates an option on the part of the lessee to hold that 
lease by drilling or by pa3nng; if he does neither the lease automatically 
terminates, as he is not obligated to do either. 

What is called the “or” lease provides, in substance, that the lessee 
agrees to drill within a certain time or pay a certain rental. If ho fails 
to pay the rental, the lease does not automatically terminate and the 
lessor may sue the lessee to collect the rental. In other words, he is 
obligated to do one or the other, drill or pay. 

Again, leases may be termed “complete” leases or “commonco” 
leases, which is a very vital distinction. I can illustrate this by the 
provisions of this Mid-Oontinent form 88. This is a leasefortenyearsand 
it must be producing within that period in order to continue longer, but 
the lease provides that if the lessee shall commence to diiU a well within 
the term of the lease, or any extension thereof, the lessee shall have the 
right to drill such well to completion with reasonable diligence, and if 
oil or gas, or either of them, be foimd in paying quantities, the lease sltall 
continue and be in full force and effect. In other words, if you commence 
a well within the term you will have the right to go ahead and complete 
the weU and hold the lease regardless of whether it is after the term; but 
if that provision is not in the lease, the well must be completed and 
producing within the primary term. 

Let me illustrate how that is important. An operator has a group or 
block of scattered leases. A Wilcox test well is completed; for example 
this wen at Stroud, 4100 ft. deep, which would cost 160,000 or 176,000 
to drill. Some of 1]^ leases in that vicinity are due to exj^ within three 
months. If he has a “complete” lease, he cannot do anything with it 
for he cannot complete a well on the lease within the term. If it is a 
“commence” lease, he may be able to awidt developments see 
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whether ho is outside or off the structure before he commences his well, 
being secure in the fact that if he does commence the well he may 
complete it. 

In this same connection you have the provision about the payment of 
rentals. The average lease is not taken with a view to immediate drilling; 
most oil and gas leases are taken with the intention of holding them for a 
number of years, and in order to hold them the rental must be paid. 
The provision of this particular form is: 

If oporations for the drilling of a well for oil or gee are not commenced on said land 
on or before one yoar from this date, this lease shall terminate as to both parties, unless 
the lessee shall, on or before one year from this date, pay or tender to the lessor or for 

the lessor’s credit in the Bank at , or its successors, 

which bank and its successors are the lessor’s agent and shall continue as the depository 
of any and all sums payable under this lease, regardless of changes of ownership in 
said land or in the oil and gas, or in the rentals to accrue thereimder, the sum of 

Dollars which shall operate as rental and cover the privilege of deferring 

the commencement of drilling operations for a period of one year. 

lu Other words, within one year the lessee must pay the lessor a certain 
rental, or pay it to the bank for his credit. That provision is further 
modified or enlarged so that the lessee may mail a check, in order that the 
mailing of a check will have the effect of making the tender. That is 
important also. A person has no idea, unless he is familiar with the 
details of the business in this respect, how many contingencies arise in 
paying rentals. If the lessor dies, becomes insane, or moves away; to 
whom shall the rental be paid? The bank fails or is merged with another 
bank, to whom shall the rental be paid? The lease provides that it shall 
bo paid to the lessor or deposited to his credit in the bank. When a check 
is mailed to the bank, is it deposited to the credit of the lessor? It is 
important to know that the rental is paid in accordance with the terms 
of the lease, and right there is the importance of the kind of a lease— if it 
is an "unless” lease, it automatically terminates unless the rental is 
paid, and paid in accordance with the lease; if it is an “ or ” lease, the lessee 
has another chance. 


Patment ov RoTAinas 

Praotioally all oil and gas leases since the begiiming have provided 
for a roydty. The first lease on record provided that, after the payment 
of the expenses, the balance of the proceeds should be divided equally 
between the land owner and the lessee; the custom of pa;^ operating 
expemws and then dividing the proceeds is no longer in force. The Mid- 
Continent form 88 provides: 

The leane ihaU deUver to the credit of the lessor as royalty, free of cost, in the 
pipeline to whioh leeiee mty oonneot its wells the equal one-.eighth part of all <dl 
pi^uosd and saved fkom the leased premises. 
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It also provides that he shall pay so much for royalties for a gas well and 
one-eighth of the casinghead gas. 

Theoretically, the ideal oil and gas lease should provide for a sliding 
scale of royalties. True conservation is supported by the sliding scale, 
which mitigates the royalty as the production of the well decreases. In 
other words, there may come a time in the production of wells in which a 
one-eighth or a one-sixth royalty, such as obtains in the Osage, or one- 
fifth in certain cases, would force the operator to shut down the wells 
rather than pay the royalty. However ideal that may bo, such is not 
the custom. One-eighth royalty, by force of experience and custom, has 
become the accepted standard and whenever a lease is submitted with a 
higher royalty, especially such a royalty as one-fifth, one-fourth, or one- 
third, in the majority of cases, it is economically unsound and should 
be avoided. 

It is only within the last few years that it has become impoi’tant to 
provide for the payment of royalties on casinghead gas. The lcase.s in 
the old Olfinn Pool, made in 1905 to 1910, generally contained no provision 
for pa3rment of royalty on casinghead gas and litigation, trouble, and loss 
have resulted. Practically all modem leases provide for the payment of a 
royalty on gas from an ofi well. Personally, I have no doubt but that 
this means the casinghead gas, and was intended to be casinghead gas, 
but it is far better to remove any doubt and say “casinglicad gas, where 
used for the manufacture of gasoline, shall pay a certain royalty.” There 
is no need of taking any chance on the question of what is casinghead gas, 
whether oil or gas, or a hybrid, and there is no need of taking any cliance 
on the question of what is gas from an oil well. 

In all of these questions, the primary object to bo kept in mind is to 
protect and circumscribe the primary right, so that tho lease can be 
profitably operated after it has been obtained; in other words, a loaso is 
taken to be worked, not simply to be sold. 

Relation's between Lessee and Lesson after Discovery of Oil 

Last of aU, attention is called to those features of tho lease that 
provide for the relations between the lessor and the lossoo after Uio 
tocovery of oil and the property is being operated. Notwithstanding 
the usual provisions of the lease, the oo'urts say that there are certain 
implied provisions, generally two: First, that you shall offset all produc- 
ing wells on adjoining leases; second, that you shall drill and develop the 
lease with reasonable diligence, bearing in mind that neither the operator 
nor the land owner can arbitrarily control the amount of development, but 
they must confer with each other and agree upon a measure of develop- 
ment such as a reasonable, prudent business man would prescribe. 

In addition to the relations in that respect, one feature that has 
become very important in recent years is tihe division of acreage. All 
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leases generally prescribe that when a part of a lease is assigned, the 
assignee may pay a rental upon his part and thus preserve his part of the 
lease without paying the rental upon all. It has become the custom 
within the last few years to speculate in oil royalties. I think what is 
commonly called the unit system started in the El Dorado field in Kansas. 
On one lease in that field the royalty was sold and divided and subdivided 
until the units were onc-twelve-thousandth of one-eighth. Several deeds 
call for an undivided ono-twelve-thousandth of one-eighth royalty, or a 
one-twolve-thousandth of the royalty on a certain 160 acres of land. In 
one case, the abstract of title contained about four thousand instruments 
and cost I do not know how much. 

In addition to selling royalties in that way, it has become the custom 
to segregate certain tracts of land and sell 1 acre or 5 acres; what is called 
a 6-acro interest out of 160 acres, whichis somethingthat isimknowntothe 
law or anything else. In addition, 10-acro tracts are carved out of 160- 
acre tracts, and the question arises in all those oases how the operator 
sliall work his lease, pay his royalties, and preserve his property. In 
the first place, how shall he work his lease? How shall ho drill 
his wells? 

It is well settled now that the division of the land into separate tracts 
docs not create inside lines, so that if four 40-acre tracts are carved out 
of 100 acres, ho does not have to offset the wells on each 40 acres. All the 
production may bo on one 40 acres and all the tanks on another 40 acres, 
and no prodviction on it, but the lease will be in force. 

Again, how shall the royalty be paid? The lease provides for one- 
eighth of the oil delivered in the pipelines. If the lease is divided into 
lO-acre tracts, the law says that the owner of each tract is entitled to 
the royalty from the well on that tract, but all the oil from all of the wells 
is run together into one battery of tanks. Is it necessary for the lessee 
to separate the tanks or set a battery of tanks on every 10-acre tract, or 
every 6-acre tract, in order to measure the royalty for the benefit of these 
separate owners? Probably it is, because the lease says that he shall 
deliver to the lessor one-eighth of the oil in the pipelines, and ho cannot 
deliver that oil unless ho sots a tank to measure that oil, yet that may bo 
prohibitive in expense. 

In order to take care of situations of that kind the more modem form 
of lease contains a special provision, which should always be inserted, 
to this effect: 

If the leased premSsos shall hereafter be owned in sevorolfy or in aeparste traets, 
the premises, nevertheless, shall be developed and operated as one lease and all royal- 
ties aeoruing hereunder shall be treated as an entirety and shall be divided among and 
paid to sttob separate owners in the proportion that the aoreage owned by oaoh such 
separate owner bean to tho entire leased aoreage. Then shall be no obligation on the 
part of the lessee to offset wells on separate tracts into whioh the land covered by this 
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Idaso may be hereafter divided by sale^ devise, or otherwise, or to furnish separate 
measurmg or recdving tanks. 

And it is also provided that the lessee shall not be bound by any 
change of ownership unless and tmtil notified thereof in writing. That 
simply means that if a lease originally covers 160 acres and is later sold 
and subdivided into four 40-acre tracts, the owner of each 40-acro tract 
will not receive a royalty of one-dghth of the oil on that 40 acres, but 
one-fourth of one-eighth of the royalty on the entire 160 acres. All 
questions of inside lines are removed, all questions of the measurement of 
the oil are removed, and the operator may operate the lease as one indi- 
visible tract and pay to the land owners in proportion as the acreage of 
each bears to the entire fee. 

I wish I could say that that provision is sound and will be sustained, 
but it is in the cot^s of Oklahoma today and the outcome I cannot 
foretell. Theoretically, it is a legally sound, fair provision for both the 
lessee and the lessor, but whether or not it will be ultimately sustained 
cannot be told at this time. 

Obtaining Lbasbs 

As to the method of obtaining leases and as to the procedure to be gone 
through in procuring the title, etc., it is sufficient to say that an oil and 
gas lease is like a deed; it conveys an interest in land, and it must be 
signed, acknowledged, and recorded like a deed. It does not have to bo 
signed by the lessee. Like a deed, when it is accepted it is yours. It 
should be examined by a reputable lawyer before it is paid for, and an 
abstract of title should be taken and preserved. All of those questions 
are questions of detail of acquisition, but neverthdess important. 

If the men engaged in the budness of leasing, the reputable lease buyers 
and lease brokers as weD as the engineers and geologists, who are occa- 
sion^ the primary buyers and sellers of leases, would study the pre- 
vailing lease forms, familiarize themselves with the more important 
provisions of the leases, much trouble would be averted, and many 
questions that later confront the operators would be avoided. 

DISCUSSION 

Mb. Gbbbn.— P roducers' form 88 is generally considered a “com- 
mence" lease, is it not? 

Mb. Gbdbnsladb. — A “complete" lease ordinarily. 

Me. Gbbbn. — a well is started before the term has expired, or 
within the 6 years, does not the lessee have the privilege of completing 
the wellf 

Mb. GbbbnsiiAdb. — ^He does not. Producers’ form 88 says: “If no 
well be commenced on said land on or before the . . day of this 
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lease shall terruinato as to both parties, unless the lessee shall on or 
before that date,” etc. pay a rental; but that lease is for a definite term. 
It does not contain the provision that allows the leasee to complete the 
well after the expiration. Consequently, unless he has production within 
the 6 years, or the 10 years, the lease is automatically ended. It must 
have a special provision giving him the tight to complete the well he has 
started within the term. 

Mb. CoRUELii. —In the strictest sense, what is commencing a well? 

Mb. Gbwrnslade. — "Commence operations” is an indefinite term 
that has boon hold to mean anything from building a road to lasring a 
water line. I do not like the phrase, and would avoid it if possible; but 
to "commence operations for a well,” which is a phrase sometimes used, 
will include any work that legitimately tends toward the drilling of a weU, 
such as laying a water line, in some cases building a road, if necessary 
to haul in the rig timbers. “Commence a well” means to commence 
oiKsrations for a well. "Commence drilling a well,” I take it, means 
actual spu(l<ling in. I do not want to be too dogmatic about those 
things, but that is my understanding. 

M u. < JoBDJHiLL." -Is it legal, where a block of leases has been secured on 
ooiitiguouH properties, to insert a clause providing that if a well is started 
on any one it will hold all the others, provided aUtho others are agreeable 
to it? 

M K. CRKENsnADE. — Yes, that is legal, if it is carefully and definitely so 
providc<l. Frequently blocks of acreage are taken with the understand- 
ing that a well i^all bo drilled or commenced within a certain time within 
14 , of a certain point. 

Mb. Pkw. ■ -If that is the case, why is it not legal for the lessor and the 
ItsHseo to agruo definitely as to how the oil lease should be handled? 
In other words, if it is sold in parcels, it shows right then it was contem- 
plated that a burden might bo put on the operator which would make it 
more ex{Ksnsivo to operate that lease tlian his profits would justify. Why 
cannot the parties agree to that, and why is not any subsequent buyer 
bound by that? 

Mr. Ghbbnslauis. — I know of iu> possible reason why that is not 
I>orfoctly binding on not only the patties to the lease but subsequent 
buyers. In the litigation that involves that question at this time there is 
only ono reason I have hoard advanced why that provision was not good. 
In tliat particular cose, a lease covered 160 acres of land. The first 
royalty sold tliere was an undivided one-half interest in a 40-acre tract, 
which happened to lie the southwest 40 acres of that 160. When it came 
time to pay the royalty, the purchaser of the half intorest in that 40- 
aore tract demanded onehalf of one-eighth of the royalty in the wells on 
that 40>aore tract. When his attention was called to the provision in 
the lease, which said that he could have but one-eighth of the royalty 
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on the whole, he said, “Why, that was the nearest 40-acre tract to pro- 
duction, and I paid more for that tract because it was nearest to pro- 
duction when I bought it, and consequently it is mine,” 

Mb. Pew. — ^B ut he bou^t it with the definite provision before him 
that that lease was to be operated as a whole? 

Me. Gbbbnslade. — ^Exactly; but it so happened that he had not 
read the lease. 

Me. Pew. — ^That was not the lessees’ fault. 

Me. Gbbbnslade. — ^Well, that man seemed to think it was. 

Mr. Pew. — ^W hat recourse has a lessee if he has an “88 form” lease 
and the bank fails and he cannot locate the lessor? 

Mr. Geebnsladb. — ^He is out of luck if the bank fails without any 
successor. Most leases provide for deposit in a certain bank or its suc- 
cessors, and they should so provide. Consequently if the bank fails, or 
it is taken over by another or the two are merged, the money would be 
paid to the successor bank. But in the case of an “88 form” lease, if the 
bank should fail and the lessee could not locate the lessor to make a 
payment to him, I know of no way he could preserve the lease. It 
might be it could be done, but as the lease provides that he must pay 
and he has not paid, I do not know how he is going to help himselh 

Mr. Pew. — ^Is it the lessee’s fault that the bank failed? Does not the 
lessor name the depository, and is not he responsible for that? 

Mr. Gbbbnslade. — ^Yes; but the bank is the agent of both the lessor 
and the lessee, and the latter agreed when he took the lease that he 
would pay the lessor or deposit it in the bank. Now, if he does 
not do either, regardless of whose fault it is, how is he going to 
keep the lease? 

Mb. Pbw. — ^The money could be mailed to the last known address. 

Mb. Geebnsladb.— That is the big fault, in my judgment, of Pro- 
ducers’ form 88. That lease, although probably the most widely used 
in the Mid-Continent field, is absolutely the worst, because it is a lease 
that may automatically terminate through no fault of the lessee. 

Me. Pbw. — ^But it would be a fault on the part of the lessor. It is his 
business to keep himself in sight. He could hide and defeat the pur- 
pose of the lease. 

Mb. Grbbnsladb.— Absolutely; and that is the particular fault in 
that form of lease. 

Me. Whitb. — If one lease includes several tracts of lantl that are not 
contiguous wiU the royalty be handled as though it were a piece 
of land? 

Me. Gbbbnslade. — ^Yes, if it contains the provision to which I have 
referred; if it does not contain that special provision, the ovmex of each 
particular tract on which a well is located will obtain the royalty on 
that well. 
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Mb. Whttk, — If one man owned throe or four quarter sections and 
leased them under that now form and later sold the royalty on one 
quarter section, if there is production on another section would the 
buyer come in on that production? 

Mb. Grkbnhlade. — ^Ile would if the lease provided that it shall be 
operated as an entirety, and each lease holder shall share in the royalty; 
otherwise he would not. Production on 10 acres might hold the lease. 

Me. Rcuukrmmyeb. — Inasmuch as the Courts of equity have given 
their aid to preventing default whore, for instance, the mails have failed 
to carry rental in time, where there is a faihire of a bank, or a failure of 
some fact for which the lessee is not responsible, suit could be filed and a 
tender of the money made to the Court, sotting forth the facts and sotting 
fortih the ability and the readiness to perform all of the conditions of the 
lease, do you not think the Courts would lend aid to prevent a default 
of that lease? 

Mu. CuKKNsnAm-j. — They could do so. 

Mu. Boiiukrmbykb. —The Courts have not taken the view that Mr. 
Pew has indi<«it^«l about the harshness of that rule with reference to the 
payment of all of the royalties to the one holder. They took that posi- 
tion beeause the counsel for all of the oil companies filed a brief insisting 
that that should be the rule; it was a close question before the Court at 
that time, and iho tVmrt was divided on that subject. A lot of those 
ipiestions have been close questions; with the new questions being put 
up, the CourtiS will l(‘an to the oil operator as readily as to the owner. 

Mu. CuKKNSiiADK.- I agroo with you that the Court should relievo 
most unfortunate mistakes of that kind. The Koderal CouH.8 do and 
have, in the past, relieved against forfeitures on account of inistakos of 
that character, not only on the “or” leases but on “unless” leases. Pro- 
ducers’ 88 leases. The State Court has not been so lenient. 

Mu. Katms." If the new Mid-Continent form were more fully under- 
stood that form might be used more than it is now. 

Mb. (luBWNHiiAi>H. -That is true, it is a pnicoss of education. The 
provisions of Mid-Contincut 88 about the payment of rentals are 
as follows: 

If t){)«ralimw for the drUltiig of a well for oil or itiut aro not (lomninncad on said latsl 
on or before one year from this date, this lonso shall terminate as to both parties, unlem 
the lessee shall, on or before one year from this date, pay or tender to the lessor or for 

the lessor’s eredit in the Hank at or its 

sueeoMors, which bonk and its suceessors are the lessor’s agent and slinll oontinuo 
as the depository of any and oil sums payable under this lease, regardless of changes of 
ownership in sidd land or in the oil and gas, or in the rentals to aeorno theronnder, the 

sum of Dollam whiolt shall operate os rental and cover the privlk^ 

of deferring the eommoneomont of drilling oiwrations for a porioil of one year. In 
like maimer and upon like payments or tenders, the oommenooment of drilling opera- 
tions may be further defencod for like periods suoeessively. All payments or tenders 
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nuQr be made by obeok or draft of leasee or ajiy assignee thereof, mailed or deliyeied on 
or before the rental paying date. 

In other words the attempt has been made there to relieve the lessee 
of all of the mishaps in the United States mails or the Oklahoma banks. 

The provision about royalty is like most all others, but it contains the 
provision for notifying the lessor of changes of ownership and the furnish- 
ing of certified copies of transfer or assignment, etc. It says: 

If the leased premises shall hereafter be owned in severalty or in separate tracts, 
the premises, neverthdess, shall be developed and operated as one lease and all royal- 
ties accruing hereunder shall be treated as an entirety and shall be divided among 
and paid to such separate owners in the proportion that the acreage owned by each 
such separate owner bears to the entire leased acreage. 

The Departnient of the Interior is now engaged in preparing for pro- 
mulgation a new form for departmental lease. A special committee of 
the Mid-Continent Oil & Gas Association is conferring with the Depart- 
ment in an^effort to mitigate somewhat the harshness of the present 
departmental forms. One of the things the committee is insisting on is 
the indusion of that provision in the departmental form of lease. 

Mb. Cobdell. — Can a person get up his own form of contract and 
have it printed — contract for leases? 

Mb. GbbbnsIiAdb. — ^Yes. 

Mb. CobmUiL. — Could he, in any manner, alter the provision for 
one-eighth of the oil or gas? 

Mb. GBEBNSLiLDS!. — ^Yesj it is a matter of contract between the 
parties. The custom of one-eighth is the result of years of experience. 
It can be 50 or 100 per cent. 

Mb. Phw. — ^Two objections might be made to the Mid-Continent 
88 form. One is that the lease provides, substantially, that the royalty 
diaUhe paid to the owners in proportion to their ownersMp; that might be 
$1 or $10 or $10,000. Should not a clause be added providing that if the 
division of this ownership becomes a buxdea the owners of the royalty 
shall provide the addition^ expense and that this shall be a charge against 
them? The other objection is, no provision in that lease permits the 
owner, and the law would not permit him, to hold adverse title to his 
lessor to care for any tax defaults. 

Mb. Gbbbitsladb. — ^Yes; there is a provision in there about that, but 
I did not read it. 

"With reference to the other objection, I think it would be beneficial 
to provide in a form of lease that in case the ownership becomes so 
numerous, for example, the owners should appoint a trastee to hold the 
royalties. That has been done in many oases and operators have 
arbitearily insisted on its being done. That point was considered by the 



DISCUSSIOIT 1189 

committee at the time they prepared that form of lease, but after some 
discussion it decided not to put that provision in the lease. 

Mb. Nixon. — I wish you would read the provision with reference to 
rental and the royalty in the division of the land. 

Mb. GBIiBNSLADK. 

If the Iciiscd promises shall hereafter be owned in severalty or in separate tracts, 
the premises, novorlholcss, shall bo developed and operated as one lease and all royal- 
ties accruing hereunder shall bo treated as an entirety and shall be divided among and 
paid to such separate owners in the proportion that the acreage owned by each such 
separate owner bears to the entire leased acreage. 

Mr, Neson.— There arc few land owners who would understand what 
tliat means, and an explanation would cause you to lose the lease. But 
an unfair advantage would be taken of the man, to have him sign a lease 
in that form without an explanation. Where a man owns several 
diverrafiod tracts, ho might later sell one not knowing that when he was 
selling that traiit he was also bartering away a portion of the oil under a 
tract that might be miles away from it. 

Mb. (ikkbnbladm, — I do not agree with you; the land owner is in 
duty bound to read his contract as much as a lawyer. However, 
then! is some food for thought in that suggestion. It is a matter that 
should bu explaineil to the land owner when the lease is taken. When 
explained 1 <lo not believe it will result in difficulty for this reason — it 
does not prevent a sale in any way. It may result in one man purchasing 
a royalty wluai he has no wells on the tract that he bought, but generally 
speaking those things will oven up in the long run and if the clause is 
properly explained no difficulty will arise in getting the lease. Oil and 
gas leases should bo fully explained to the lessor. The courts generally 
consider tliem like life insunince poUcies, for example. In other words, 
they are construed more favorably for the lessor, or the land owner, in 
oases of doubt for two reasons. In the first place, because it has been 
thought that such construction would hasten development, which is the 
object of the lease. In the second place, it has been thought that oil and 
gas leases, like an insuronoe policy or something of that character, 
contain a groat deal of toohnioal language, presumably not known and 
not generally understood by the public at largo, so in casos of doubt the 
courts lean toward tho land ownor in construing them. For that reason 
oare should bo taken to explain all doubtful provisions of the lease. 

Mb. Nocon. — W here the unit system is used and innumerable assign- 
ments are made on some ono tract, I think you are absolutely right. 
But if a man owns 100 acres in sections 8, 5, and 7, and later sells the one 
in section 5, and if section 8 would produce and sections 5 and 7 would not, 
it is an unfair advantage to have the purchaser of the tracts of 6 and 7 
share in tho royalty in 8. 



1190 


OIL AND GAS LEASES 


Me. Gebbnslade. — ^That works both ways. For example, the tract 
that was sold might produce and the one that was kept might not, and 
you would diare in the other royalty. 

Me. Coecoean. — ^You said that Producers’ form 88 provided that the 
failure of the bank or losing of the lessor’s address forfeited the lease, I 
do not see that has been corrected in Mid-Continent form 88. 

Mb. Gebbnslade. — ^My statement was that this form does not obli- 
gate the lessee to do anything; it is a mere option. He does not have to 
drill; he does not have to pay any rental, but unless he docs one of the 
two his lease automatically terminates. As a result, a failure to pay a 
rental may result in his losing the lease, because it automatically 
terminates unless he does pay. 

In the Mid-Continent form 88, an attempt was made to do away with 
contingencies that may result in such forfeitures by putting a duty upon 
the lessee that, if he fufills, will keep his lease alive, namely, the duty 
of paying by mailing a check. In other words, his right to keep that lease 
is not made contingent on other people but on his performing a certain 
duty, namely, maihng a check. 

Me. Hutchinson. — ^The chief objection to the Mid-Continent form is 
that a ten-year period is printed in the lease. If that lease provided for 
both five and ten years, as the owner is more accustomed to a five-year 
lease than to a ten-year, there would be little difificulty in getting it 
executed. 

Me. Gbebnsladb. — There are two sides to that question. It is 
probably true that the land owner usually thinks of a five-year lease and 
that is the easiest to get. If you print a lease with blank years or with 
five years in it, you are to get a five-year lease. If the printed lease 
provides for ten years, you will get some ten-year leases because it takes 
some work to change that ten to five. 

Mb. Kates. — The five-year period has become ahnost as customary 
as the one-eighth royalty. If this lease is going to be widely circulated, 
at least some should be printed with five years, and the broker should go 
out with both in his pocket. 

Me. Gebbnslade. — ^There is some merit in that suggestion. Gen- 
erally, however, wildcat leases axe being taken for ten years instead 
of five. 

Mb. Lovejot. — Our company has been successful in the last few 
months in taking 200 or 300 leases on that form. Our lease men compare 
this form with the old lease. The old lease is ambiguous and does not tell 
the landowner what he is going [to get, while the new lease tells him 
absolutely what he will get. 

Mb. Smith. — Can an owner sell all of his royalty without selling his 
surface rights? 

Mb. Gebbnslade. — ^H e can. 
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Mr. UmpiiBBT. — I fail to comprehend how the mailing of a notice or a 
cheek that is not received by anybody is going to be proven from the 
standpoint of the lessee. 

Mr. Grmtonsladb. — O f course, the mailing of a chock that is not 
received would not constitute payment; what it does do is fulfill the 
condition of the lease. 

Mr. UMPLMBy. — How could you prove that you have done that? 

Mr. (lBiiii'5N8L.\i>B. —If it is sent by registered mail, you would show 
that fact by the registry receipt. 

Mr. XTmplbby. — That does not show the contents. 

Mr. Grrknsladk.— O h, no; you would have to prove that the same 
as you would prove any fact, by witnesses, of course. 

Mu. XlMPiiKBY. -That is within your own organization? 

Mr. Grkknsladk.-— Absolutely. The mere mailing of a chock that 
is not nwjeived docs not constitute payment. If the check is lost in the 
mails, tlie h'ssor may insist on the issuing of a duplicate chock to pay the 
rent. What it <1()0S <lo is to fulfill the contingency, which keeps the 
lease in force. 

Mr. UmpIiKby. It simply gives you time. 

Mu. Gukbnslade."— It may require you to issue a duplicate check 
or you may have to pay it twice, but you do not automatically forfeit 
your l^^a.so rights. 

Mb. Day.— I would like to make one suggestion to tlie ooinmittoo 
that is conferring with the Department of the Interior on the new form of 
departmental leases. Whore a particular tract of land is assigned out of a 
lease- say, for instance, a lease covering 160 acres and you assign a 
particular tract, 40 or 80 acres, the Department holds that whore all of 
that tract is l«»ing assigned it is considered two leases, which is not done 
under the commercial lease. That is unjust, and if wo are going to 
reorganiiHt tliis departmental lease that clause should be taken care of. 

Mr. Gbkknsuadh. --I’hat is taken care of in the amendments which 
the committee of the Mid-C Continent Oil & Gas Association has suggested 
to the Department. • 

Mr. Day. There is nothing in the rules and regulations that give 
the Department tiie right to do that; it is assuming that riglit. 

Mb. (iBKKNHtiADM. — 1 know it has assumed that right, ami I do not 
think it has boon admittc<l by a lessee who has been affected by it. 

Mu. Nixon." -An early llnitod States Supreme Court dwasion hohls 
that the assignment of a loose docs not constitute another lease. 

Mb. HimnuNSON.—When paying royalties, do you recognize the 
royalty holders who have not served written notice as provided? Are 
they entitled to tlie royalty? 

Mb. GBisMN8nADM. -*They are if you know thorn. 

Mb. nuTCinNSON.— -Suppose they have not served any written notice? 
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Mk. Gbbbnsladb. — ^Do it anyway. I have always felt that it was 
unwise for a lessee to rely on provisions of that kind in a lease when he had 
actual knowledge that the transfer or change in ownership had been made. 
The purpose of that provision in the lease is to apprise the lessee. If, 
however, he does have actual knowledge of the change of ownership 
from some other source, he should take cognizance of it. 

Mb. HtJTCHiNSON.-^uppose you fail to take cognizance of it; it is 
in the lease that they have to serve written notice. 

Mb. Gbeunslade. — ^If you fail to, you can rely on your lease. 
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Electric Wdding of Large Storage Taoks 

Bt HaboiiD 0. Pbicb, E. M., BASTLSsriLtiSi, Okx<a.. 

(New York Meeting, February, 1024) 

One year ago, that is in January, 1923, there had not been constructed 
a single oil-storage tank of 65,000-bbl. or more capacity with a 
completely electric welded roof and bottom. Today, there are at least 
fifty 80,000-bbl. storage tanks completed, or nearing completion, on 
which both the roofs and the bottoms are electric welded. It is the pur- 
pose of this paper to describe, in a general way, the construction of those 



Fra. 1.— I*'LiBaTRi(vwin.nfiD shams and mvsra or bottom ik 66,000-bbii. tank at 
E xi Dobado, Kans., snowiNa az<so fatob plate wbldbd to bottom. 

wddod roofs and bottoms, and to give their advantages over riveted 
construotion. All of the following data and conclusions were obtained 
firom observations made during the welding of tanks by the Welding 
Knginoering Co. at Texas City, Tex., and Tonkawa and Burbank, Okla. 

As far as can bo dotormined, the first electric welding on lai^e tankage 
was completed in May, 1922. At that time the Empire Companies 
of Bartlesville, Okla., discovered a badly leaking bottom in a 56,000-bbl. 
tank at El Dorado, Kans. They had considered concretiii^ Uxis bottom, 
but because of tho much smaller cost, decided to try eleotrio wdcUng; 
so a contract waa given tho Welding Engineering Co. of Bartlesville, 
Okla. In this instance, no new sheets were added, tke bottom bmng 
repaired by eleotrio welding of all seams and rivets. Fig. 1. In some 
places where tho original rivets were missing, the holes were filled by 
wdiding; patch plates were also added at certain badly worn spots. 
This tt^ has since been used for over a year and a half, but no other 
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leaks have been discovered. The cost of electric welding was about one- 
half that of a concrete bottom. 

Shortly after this, the Cosden Co. began to electric weld the roof 
seams on the storage tanks at its refinery at Tulsa. These, however, 
were riveted roofs, the rivets being laid at a pitch of 4 in. The welding, 
therefore, on these roofs simply took the place of the calking edge, and 
was not applied for strength. According to the officers of the company, 
welding has furnished a gas-tight roof. 

The Standard Oil Co. did some similar work at Neodesha, Kans., 
during this period. In the latter part of 1922, one of the large tank- 
construction companies erected the first all welded roof at Humbolt, 
Kans., but the real construction of both roofs and bottoms did not 
begin until February, 1923. At that time, the Marland Refining 
Co. let a contract to the Welding Engineering Co. to repair throe 6.5,000- 
bbl. tanks at Texas City, Tex. All the seams and rivets in the bottoms 
of these tanks were to be welded, as were all the seams in the shell. 
The tanks to be repaired were hardly a year old, two of them had never 
been filled with oil, yet the rivets and seams were leaking badly. With 
the expense of these repairs in mind, the Marland Refining Co. decided 
that it would save considerable money if the bottoms and roofs of all 
tanks were welded during the original construction; therefore, contracts 
were awarded for nearly 60 tanks at Texas City, Tex., Ponca City, 
Tonkawa and Burbank, Okla., with electric welded roofs and bottoms. 

Erection 

As there are no holes to bo punched in the plates, the sheets for this 
work, with the exception of the sketch plates, are shipped direct from the 
mill to the job, without going throu^ the shops. In most casen the 
sketch plates are out in the shop; sometimes they are cut in the field by 
the use of an acetylene torch. The first method is the better and 
cheaper, for when the sketch plates are cut m the field there is con- 
siderable waste of material; also unless the film of oxide left by tho 
acetylene is thoroughly removed from the plate there is likely to bo 
considerable leakage through the weld. After the grade for tho tank is 
made, the bottom ^eets are laid directly upon it; no horses or scaffolding 
are necessary, as when the bottoms are riveted. All plates, both roof and 
bottom, are laid with a 1-in. lap. The bottom plates are first laid in 
position and tadc-welded, after which the angle iron is placed in position, 
tack-welded, and then completely welded to the bottom, Fig. 2. After 
the angle iron has been completely welded to the bottom, the shell of the' 
tank is raised and riveted, while the welding of the bottom sheets is being 
completed. The shell of the tank is riveted and the structural steel for 
the roof is erected in the usual manner. Fig, 3. 
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Kio. 2. WKLnm<i anulk ihos to Fi<», 3. — FiNirtiuN(» wjox.dlntcj on 
BOTTOM- BOTTOM Art HIIMLL tH BEINC* COM- 

BlaMTMl). 



Fio. 4 ,*— Tackinq first oottbbk of Fki, 6- — Taok-wioldinc^ firht 
ROOF, FLATJU TO ANOLE IRON ON 55,000>BBL. 

STOBACiE TANK FOB MaBLAND KeFIN- 

%m Oo., AT Tjbcas Cm, Tick. 
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The roof plates are then raised, by the means of a cam or scre'vr 
clamp, and laid, in the usual manner, from the edge toward the center. 
They are tacked to the top angle and to each other as they are laid, 
Figs. 4 and 5. The fbrst method was to tack the plates on the ends 
and in the center, in order to expedite the laying; a second welder would 
then permanently tack with a 12-in. spacing. Fig. 6. But by this 
method, because of buckling between the temporary tacks, it was often 
necessary to use weights or leverage to bring the plates in contact with 
each other. Later, two welders tacked simultaneously on each plate, 
working in one direction only; this diminated the buckles and the 
necessity of further tacking. After the plates were tacked, other 



Fia. 6. — IRoot platjds taok-weij>sid madt pob jinal WMimNO. 


welders laid the permanent weld. On the bottoms, a weld the full thick- 
ness of the plates was used; but on the roofs a weld of He in* less than Iho 
thickness of the plates is sufficient; in other words, on ^s-in. plates a 
^-in, 'weld is suffident. 

Tests 

A rigid inspection is given all work at the end of each day; anything 
looking hke a pinhole is marked and rewelded. The bottoms are tested 
by pumping oil under the tank through fourtewi flanges welded onto 
the bottom. On the second bottom welded at Texas City, only two 
pinholes developed, despite the fact the bottom had been laid in very wot 
weather under the most difficult conditions; on the third bottom, only 
five pinholes devdoped, 

The results on the first bottom showed well what not to do. In this 
case oil was run on the grade inside of the curbing before the plates were 
laid. Sloping horses, as shown in Fig. 7, were then placed across the 
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center of the grade, and the plates dragged upon them, the intention 
being to weld two courses of sheets, drag the horses out part way, lay 
two more courses, wdd those, and repeat the operation. Two difficulties 
presented themselves: First, it seemed impossible to lay the sheets 
without getting them fairly covered with oil; this, of course, made good 
welding quite difficult. Then, after the horses h^ been pulled out and 
the sheets rested on the oil, the hot sun would tend to buckle the plates 
considerably; in addition, there was always the danger of fire, in fact one 
small fire did occur. Neverthdess, this bottom was finished by this 
method. It showed a great many buckles and developed about 100 
pinholes; these were re-welded and when the tank was finally completed 
and tested, it showed no leaks. 



Fio. 7. — Bo'ttom tMT> os A OBtma-oiL rouirsAncoK, ttsino biofiko hobsbs. 


The tests made by the Marland Refining Co. on the roofs at Tonkawa 
showed oxcollont results. Strips cut from the roofs throu^ the weld 
transversely to the welded seam had an average tensile strength of 
40,000 lb. per sq. in.; in other words, the weld was 72^ per cent, the 
strength of the plate, using 65,000 lb. as the tensUe strength of the 
plate. As the strength of the joint of a single riveted roof, using 
plates and Ks'iB- nvets, is only 40.1 per cent, efficient, the fear of wealc- 
ness in a welded roof is completely dispelled. A photomiorc^aph of 
the eross-seotion of one of these test pieces is shown in Fig. 8. 

Throe bottoms and sixteen roofs were electric-welded during 1923, 
under the observation of the writer, Fig. 9. All of these tanks have 
been subjected to extreme changes in temperature, and to date there 
has not been a single evidence^ failure. No cracks have developed 
and, consequently, no leaks. We do not mean that there have been 
no pizdioles; there have been a few, and these were easily rewelded 
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or calked. The welding of these tanks was done in the worst kind of 
weather. The heavy rains in Texas and Oklahoma have given the 
practicability of the work a test not contemplated when the work was 



PiQ. 8. — CBOBB-SBCnOKT OP WBLDBD-EOOF JOUn', SHOWING PKNJOTHATION OP WKLI>' 
INO MHTAL INTO BOOP PLATO. 


started. Good welding cannot be performed on a wot surface; rains 
therefore delayed the work. At times, also, in Texas the dew was so 
heavy at^night that work had to cease until the sun came up. Strong 



Fro. 9 . — Nbw blboteic-wbldbd boots on old 65'b at Txxab City, T«x. 


winds also caused trouble. One obstacle for which wc wore not pre- 
pared was the attraction of bugs to the ajc. Fortunately this would occur 
only on very warm breezeless nights, but when it did the speed of weld- 
ing was greatly reduced or welding ceased altogether, for the multitude 
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of cloiul inuociitj not only obstructed the wold, but proved very disagree- 
able to the welder. 

Data 

Kccords kept of all welding operations on the nineteen roofs and 
bottoms disclose the following average welding speeds: Roofs, 16 ft. 
per hr.; bottoms, 14 ft. per hr.; bottom angle to bottom plates, 43>^ ft. 
per hr. ; tiwiking 70 hr. per roof or bottom. 

Roof and bottom plates were of stool, except the bottom sketch 

plates, which were }i in. Bottom angles were in. thick and were 
weldixl to a lunght of at least Jfj in. As stated, these figures ai'o averages 
of all l.he welders; some men worked faster than others. At times under 
perfect conilitions, spcc<lH of 20, 25, and even 30 ft. per hr. were made. 
On an 80,00()-bbl. tank, there are approximately 2900 ft. of roof seam, 
providc<I 6 by 18 ft. plates are used; this size plate is readily handled. 
Hlmuld a smaller sheet be used there would be more footage, and the 
cost of the welded roof or bottom would naturally incroiise. 


Machinkuy and Aocbssoiues 

Both el<*c.tri<vdrm‘.n and gaaolino-drivcn welding machines of the 
<Urc<!t'"Currcut lype, with short arc charactenBtj<ts wore used on this work. 
On th<‘ gasoliiuMlriven machine, two shifts wore used, working 18 to 
20 hr. a <lay. On tins eI(!Ctri<!-drivon machines, throe shifts were used, 
working 22)>'2 hr, a day. On one of the jobs, excellent ovidonco was 
furnished as to the comparative efficiency of direct-current and alternat- 
ing-current weltlers on this kind of work. Two direct-current and two 
alternating-current machines of the transformer typo wore working on 
the same tank farm, performing exactly the same kind of work, under the 
same kind of (xmditions. During two months, the cost of power for the 
lUtitmatiug-curront machines was twice as much as that for the direct- 
current machines, despite the fact that the direct-current machines did 
50 per cent more work. The direct-current machines used 4160 kw. for 
welding approximately 14,700 ft. while the alternating-current machines 
ustwl 9948 kw. for welding 10,000 ft. Wo also found the short arc of great 
advantage in assuring high-grade welding. If was necessary, of course, to 
use only thts best welders. Many men who applied for work had been 
using long-arc machines. Homo of these, the poorer welders, were unable 
to oporato with a short-arc oven after being given considerable time to 
practitxj; tlio better welders, however, found no trouble in operating 
with the short arc after working 2 or 8 hr. Bocauso of this wo wore never 
in fear of having poor weldors on the job. 

Hovoral kinds of wdding rods wore tried, but wo found that a coated 
rod of Ks ih. diameter gave tho best and most uniform results and 
warranted the small additional expense. 
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Advantages of ElectbiowbiiDbd Tanks 

The advantages of the electric-welded roof and bottom are: 

1. As no holes must be punched, the plates can be shipped direct 
from'the tnin to the job without going through the shop for fabrication. 

2. The bottom can be welded directly on the grade, thus eliminating 
the expense and time of placing the plates upon horses; the usual work- 



FIG. 10. — ^RrVBTBD ROOF. 


ing of the rivets and calking edges in the bottom, as it is being lowered, 
is also eliminated. 

3. Sheets are much more readily fitted in place as there are no rivet 
holes to be matched. 



Fig. 11. — Wmnai) boof adjacjuw to roof bbown m Fig. 10; both piioto- 

OBAFH8 WBBB TAXaN TBX SAIUI DAT AT BAMB TUOI FBOU SAia liOOATtON ON KACU 
TAKE. 

4. The 'shell can be raised while the bottom is being welded, saving 
time in construction. 

6. The one-piece roof expands and contracts uniformly with the 
change of the temperature, thus working of the rivets and cAlkirtg edge 
as on a riveted roof is eliminated. This makes the roof absolutely gas- 
tight and greatly reduces the fire hasard; the cost of insurance sh o uld 
be corresponding reduced. 
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6. The roof and bottom are smoother than by riveted construction, 
eliminating strains caused by buckling, Figs. 10, 11, and 12. 

7. A' welded joint should have longer life than a riveted joint; in 
nearly all worn-out bottoms, the rivets have been the first to go. 

8. The welded bottoms, being one piece, are absolutely t^t. 

9. The cost of scaffolding under the roof for the use of riveters is 
eliminated; with a welded roof, it is unnecessary to have any one under- 
neath, which is a great advantage in hot weather. 



Fio. 12.--Wji!Xii>aD BonoM, sbowibo smooth oonditioit o» flatus aftbh wbldino. 

Futubd Ai>FUOAXio»rs OB' WmaoTsiQ 

Naturally, the next step to be taken in tank welding will be the 
wdding of tlio shdU. One can expect to hear any time of this being 
attempted. The greatest difficulty in the wdiding of a shell will be in 
the assembling and tacking. A shell with the vertical seams welded 
inride and out should certainly develop a greater strength than one 
of riveted construction. 

Another use for eleotrio welding in tank construction is in the replace- 
ment of worn-out bottoms. Heretofore, where tihe bottom has been 

TOKa. 
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completely worn out, it has been necessary to build a concrete bottom or, 
if a sted bottom is desired, to tear down the tank, put in a new bottom 
and re-construct it. By the use of dectric wdding, the tank can be 
cleaned, a sheet cut out of the first ring, new plates dragged inside of the 
tank, set in place, and wdded. The sketch plates can be wdded on top 
of the bottom leg of the ar^e iron. 

The writer wishes to acknowledge the assistance of V. T. Moon, 
chief engineer of the Marland Refining Co., from whom were obtained the 
data relative to the tests made on the wdded roofs ; also the assistance and 
cooperation of the engineers and executives of the Chicage Bridge and 
lion Works and the Graver Corpn. in the devdoping of methods for the 
assembling of roofs and bottoms. 

DISCUSSION 

E. P. Jessof, New York, N. Y. — ^The Navy Department has been 
prevailed upon to put into its specifications the authorization to weld 
tanks completdy. The 160,000-bbl. tanks recently erected in Ports- 
mouth, N. H., have dectric-wdded roofs and bottoms; they did not wold 
the circumference. 

It must be remembered that welding today is not the unreliable thing 
it was a few years ago. When properly applied, the average welder, using 
proper equipment and method, will average 90 per cent, strength in n 
joint, as against about 72 per cent, for treble riveted, 64 per cent, for 
double riveted, and from 30 to 40 per cent, single riveted. The strength 
is controlled by the ductility much more than by the tensile strength. 
You can get tensQe strength easily, but ductility is a measure of the ability 
of the equipment used and of the operator to handle the motal; in othor 
woids, it is a metallurgical condition. It is possible almost to destroy 
the material and still get almost full tensile strength bn a tost, but the 
metal is crystal hard and will stand no vibration or buckling and would bo 
practically usdess in the oil industry. With the short arc, as described 
by the author, you get a ductile metal and, at the same time, full strength. 
He used only a H-ha. wdd on his roof and yet had plenty of strength; 
no matter how much additional metal he would have added, he woukl 
have gotten little more strength because wdding at the joint fuses the 
two pieces together and the greater part of the strergth comes througlj 
this rather than through the amount of wdding material added to the 
outside. The waste of wdding wire is great because people believe that 
the more metal is put on a joint the stronger is the joint. If laid in with 
the proper method sufficient welding metal is about half the fillet on a 
double-welded joint. But even less than that may be used and still 
decrease the strength very dightly, as the two plates axe fused togetlier 
by the arc in addition to having the welded material there. 
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But the point is that if a wdded joint is two-thirds stronger than a 
riveted joint, or ono-third stronger, as the thickness of the metal in the 
tank is detcruiincd by the fact that the single-riveted joint is only 60 
or 60 per cent, efficient, usually nearer 50 than 60, it is possible to save 25 
per cent, of the material on an all-welded tank and get a stronger tank 
an( I one that is gjis-tight. So that welding, in the oil industry, gives three 
things: Lighter tanks, if you want them; gas-tight tanks, and tanks that 
require practically no upkeep. These three things m^e welding the 
natural method of assembling tanks that are assembled for permanence 
and not for just over n%ht. 

IT. A. WriMisLKR, St. Louis, Mo. — ^How about the cost? 

E. P. Jkssop. — ^The cost is very nearly the same as the riveted eost. 
At Portsmouth, I think the contract price was $70,000; we estimated that 
between $700 and $1000 would have been saved if the entire tank had 
been welded. Ifut original cost is a lot less important than iteeems to be. 
A welded tank is a so much bottci' tank that it will save you money in 
the long run; it is gas-tight. 

IT. A. WiiEKLMB. — You do not rivet the vertical shapes? 

10. P. Jkhhop. — would wdd the whole thing, but I would not let an 
unskilled iniui do it. It is possible to get 100 per cent, strength in a 
woId(«l joint, but the average joint will run probably between 85 and 90. 

If. A. WnKunKR. — How about burning the riveting sted? 

E. P. .Tkhsoi». — ^I'hc equipment enters into that. Burned steel 
t)ecomcs evident at once to any engineer that is on the job. They 
Intrnod some plates on the tanks in Portsmouth but the fact was so appar- 
ent that a novice could see it. Visual inspection will tell you that. 
People say it is not imssible to test a welded joint; you eon test it the same 
way jiH n riveted joint. 

I’lic reason I am so sure of what I say is that, in 1917, wo did $273,000 
worth of welding on the Clomian ships in the Port of New York and not 
one of those welds has gone bad. They are all electrio-arc welded. 
But any company that is planning to do this work on a big scale should 
have in its omidoy some one who knows wdding; you cannot do 
it carohwsly. 

IT. A. WaKKiiKK. — Is the wdding metal a high-carbon steel? 

K. P. Jrsbop. — Its composition depends on the kind of work you 
are doing. The metal in this work would be a sted that would run 
strong in manganese so that, after going through tho' arc, it would still 
have sufficient manganese to give it the proper toughness. It is also hig^ 
in carbon. 
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Albert Reid Ledoux 


In thk Aluaini catalogue of Amherst College and with the Class of 
1818 is recorded the name of Louis Palemon Ledoux, who on graduating 
studied for the ministry at the Union Theological Seminary in New 
York and was ordained by the Presbyterian church. Louis Palemon 
Ledoux entered college from Louisiana and, as his name implies, was of 
French ancestry. Ilia departure from the traditions of his forebears in 
registering in a Protestant college and later becoming a Presbyterian 
minister brought about some alienation from his family which, however, 
softened with the passage of years and disappeared between later genera- 
1,ions. In time the Rev. Louis P. Ledoux was married to Kate C. Reid 
of N ow York ( lity and was stationed for a year at Newport, Ky., where on 
Nov. 2, ]8.')2, his oldest son, Albert Reid Ledoux, was bem. 

Th(' next year the family moved to Monroe, Mich., where for two 
years 11i(^ young clergyman was pastor of the Presbyterian church. A 
call to Hichniond, Va., led them to live from 1866 to 1868 in the Virginia 
ca[)ital, but the father became afflicted with what was then regarded as a 
mysterious ailment, malaria, and to escape it migrated in 1868, when 
Alb<»t WiW a little over five years old, to Cornwall-on-Hudson, and 
IxHauue pastor of the Presbyterian church in the lower village near the 
river. In 1801, ho was honored with the degree of D.D. from the State 
University of Indiana. Some years later throat trouble compiled the 
Rev. Dr. Ijodoux to give up preaching and led him to establish a school 
for boys, known as the Stonn Kjng School, above Cornwall, on the slopes 
of Ktorm King Mountain. 

Ah a boy, Albert Ledoux roamed the woods of Storm King and became 
d<xiply attached to this wonderful hillside, oommandmg as it does an 
extende<l view of Newburgh Bay to the north and the remoter reaches 
of the irudson. In his later years, he built his homo on its dopes and 
continued to roam its woods for his recreation. In later years, also, the 
writer UHod to look each October for the fringed gentian which Doctor 
Ledoux gathered in some secret nook to wear in his lapel. In the Stonn 
King sehool, Albert Ledoux and his brother Augustus Damon, seven years 
younger, wore educated and then entered the School of Mines of Columbia 
College. 

The older brother began his studies in 1870 and was thus a member 
of the class of *74, but at the end of three years he resolved to go abroad 
for study, and matriedated in 1873 at the University of Berlin, where 
he pursu^ courses in* chemistry, mineralogy, and physios. While in 
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Berlin, lie was a roommate and chum of Elihu Root, a brilliant young 
student of physics from Amherst College, who, after taking his Ph.D. 
with high honor under the famous Helmholtz, became professor of 
physios in his alma mater and an exceptionally inspiring teacher of the 
few young men, among them the writer, who came under him during the 
brief four years of his professorial life. After two years in Berlin, Albert 
Ledoux migrated to GSttingen, which was the university where most of 



. AiaBBT Bam Lasonz. 


the American students in Qennany in the middle decades of the last 
century made their doctorates. Completing his in 1876, Doctor Udoux, 
as he was ever afterwards known, returned to his home and found a place 
in the laboratory of William M. Habirshaw, a practicing chemist and 
assayer in New York. 

The foUowing year the State of North Carolina establidied an agricul- 
tural station of which Doctor Liedoux was appointed director and was 
made at the same time State Chemist. His headQ,tisrten were at Ch ft pft l 
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Hill, in <*.<)nn(M‘Uon wii-h iln^ Sialo irnivoi\sil,y. For four yoarw hc' hiu*v(‘< 1 
th(' nnd on his rosi^nin^ and coming nodh again in ISSO, 
ITiiivorsiiy gave, him l.h(‘ honorary do.gr<^o of M.S. During ilu'so yews 
Doctor Lesloux had not nMuaiuod ontindy ahsoiit fnmi CV)rnwaIl, hut ha<l 
h<*on nuirriod to Annie* Van Vorst l\)W(*rs, the daughter of one of his old 
ludghhors. Cornwall was indeed at this time a little eommunity, but 
eont-ained soim^ families distinguished in the* literary life*, of tlie country. 
It was th<‘ hoim^ of Nathatiied l\ Willis and of the* Rev. Lyman Abbott, 
already a leud<*r in lh<* Iib<‘ral ndigious tliought of th<^ <lay. Amelia" Barr 
resided th(‘ns as did M. l\ Ibx*, th(^ author of S(W('raI wid(dv read novels, 
(juito distinctly eharaebuislic of that jw'riod in our literary history. 
The construction of tlH» Ontario & W(*stern R. R. and of the West Shore, 
on the former’s right of way to this i)oint, soon after brought, the village in 
direct railway e.ommunication with N<hv York, or at h'ast with the Jei*sey 
shore across the* river. 

In April, bSSO, Doctor Ltxloux open(‘d an otliee ami lal)oratory for the 
general pnietiee of nnalytical chemistry ami assaying, in association with 
the late Bi<*rr(» <I<* Peyst<‘r Ricketts, Mum instrtictor in assaying if» tlu* 
School of Mines. 'rh(‘ linn name was at first A, H. Ixxloux A' (N)., but 
soon aftiT b(‘eam(‘ Ixsioux A. Hieket.ls, Aftt»r livi* years it was dissolved 
ami Doctor Ledoux (‘stablislMMl IvC*dou.x & C’o. with his younger )>rotht‘r 
Augustus forming th(‘ “do.’’ I^ater, (h<‘ firm was in(‘orporate<I und(T 
the same name and th<‘ shares of the cor|>ora.fion wcm’c dist-ril>ut(Ml among 
the membcirs of the ttxdmieal stalT. 

The firm of liCcloux & Co, in a verysluai lime aeepured a re|)u/.ation 
for ndiability arid straightforward <l<‘aling which eoirmiaml(*d confirbuice 
in the highest degnx*, ICv<‘ry (|U<*stion or criticism rais(d by a client 
WiW met at onc(» with the fullest and frankest. in*ntinent and no (effort 
W 41 H sparrxi to fulfill obligations in such a mann<T that reasonable people 
would be more fJian content, dradtially tla^ satnpling and itssay of high- 
grade copper ores, paissiug through JMew York for «*xporf, of matbm and 
enule metal ou the wum* journey, came to pass very largely through Uk^ 
finii’s laboratory. A samph^r of their own was re(|uin»d for this purpos(‘ 
and of its estnldishment nlongshle the Krut Id It. tracks just w<‘8t of 
Berg(m Ridge, Doctor IxhIoux hm writhm a v<»ry interc^stirig am)unt in 
the of his ihn^e “Technical Reminiscences” in the Mining and 

ficimtijk IhrrHHf for May 29^ 1915, The lfnite<l Ktates was exporting in 
that dfutade a very large and growing amount of the r««d motah The 
remimseent account given by DocUir Ledoux, in the reference eiR*d, of the 
way foreign buyers wc^n^ indtu’ed to iwnu*pt ilio Ameri<*an assays of his 
firm and to do away with the h'dious and antiquated met lioils of Hwanw^a, 
constitutes a chapter of no small importance in American motalhuKV* 

The firm also did examination work on mining properties and I^ictor 
Xjsdoux was otUm iti the West| in Mexico, and in datmda on erraiuls. 
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Perhaps in no other profession does an engineer have so many interesting 
experiences as In mining. He comes in contact with all sorts and condi- 
tions of men, and in relations which bring out all the good and all iiho bad 
sides of character. There are inevitably so many chances involved in 
mining, that sound judgment, keen understanding of human nature, 
geological good sense, and familiarity with business and labor conditions 
are aU involved. Poise and the judicial way of looking at t.hings are 
especially requisite: sometimes also personal courage and quick decision. 
In the mines and the remote camps the engineer must meet tho minors on 
the broad, human foundation of good fellowship; and in the oHico or 
home of the capitalist he must be the well-bred man of the world, lljirely 
is so happy a combination of these qualities met as in Albert It. L(*doux. 
In the other two of the three contributions, “Technical ReminiscoiuK's” 
of which one was cited above,* we go with him from the library of Huron 
Alfred de Rothschild inLondonto abuggyride across the plains of uoii,h(‘rn 
Montana into the Sweet Grass Hills with James J. Hill of l-lui Great 
Northern; and thence to watching the peons panning out stray amalgam 
in the creek sands of Pachuoa. Those roniiniBConws are themsedvi's the 
written-out form of an after-dinner address to students of g<w)logy made 
at the writer’s request in May, 1913, on which occasion Doctor TamIoiix 
found himself face to face with a menu card in the Chino<*k jargon, and 
headed “Tahtlelum Hy-iu Muckamuck pee Wau-wau.” Wc furnished 
the Hy-iu Muckamuck,® and he camo back with Hy-iu Wau-wau.* 

On the trip, moreover, into tho Sweet Grass Hills, Doct or I^odoux <lid 
not fail to bring back geological observations of interest and value, which 
were duly recorded in the Transactions of the New York Acud<*niy of 
Sciences.* Indeed, not infrequently in conversations with tho writer, 
some observation by Doctor Ledoux would come up, which was of signifi- 
cance and suggestiveness. 

In matters closely akin to metallurgy Doctor Ledoux was oftcui called 
on for expert advice. Thus for the first projected placing of all the 
graph and telephone wires in a subway in New York City, when insulation 
was far less developed than now, he was retained as consulting engineer. 
On the stand, in disputes before the courts involving t<»chnioal qtamtions, 
he often served as expert witness and always with clear and infclligihlo 
testimony which carried weight for its sound information and goo<l senw,. 

In many relations in life, he was chosen as arbiter or referee, for tl»o 
settlement of disputes or the straightening out of difficult situations. 
They were always met with great evenness of disposition and with an 

> Min. & SH. Pr. (1916) 761-763, 903-907. 

• Plenty to eat. 

' Plenty of talk. 

* VoL 10 (1891) 69, and freely quoted by the writer In SuOtltn el tfui (M, floe. 
qfAfflerf(»(192l) 33, 448. 
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intuilivo sense of justice. Over and over, his decisions were taken as the 
final word. One of his most important professional engagenu'nts was 
the receivorsliip of the Harney Peak Tin Mining and Milling Oo. of the 
Hlack Hills, an ill-advised and disastrous voiitJirc, which prcs(‘ntcd a 
difficult tiingle (.o unravel. An account of the case was writUm by him 
for the Knyinccrimi and Mi>wigJoumalot,Jnly7, IXOl. 

Do(“t,or Ij«‘doux became a member of the American Iustitut(» of Mining 
Engineers in ISH9, and entered vigorously into if,s work. Ibi acwved as 
manager. liSOf) 97, by which title the luembei-s of the council wew called 
uiM ier the, ct)nstituti<>n of flie lime ; i%8 vice-president l8i)S $)() and 1 i) 1 9 -2r), 
having at the time of his dec(»aso still two years of unexj)ire<l term. 
Tie was jm-sident in ItlOH. He was one of the nine incor|iorators, in 1901, 
and beciiuie thereby a directior of the corporatioil when the certificate 
was issue'll Oeiei. 00, |{)()4. During the last 2.') years he has bewn a member 
e)f almost idl the important cennmittieees, and was so manifestly the man 
for the* pleecei theit his selectiem vvont almost as ei inatte'r e»r cemrse. At tihi' 
monthly elitmi'r and ineHsting e>f the Din'e-ters hee weis erne' of the me)Bt faith- 
ful in !itt('nd.ane*e anel in the eliseiluirgee of his eluties. In the* year 102.‘{ 
he was ediairnean of thei ceimmitteej to (ioeiperate with the? (lanaelian 
Mining Institute; memibi'r of the Aelvisory (.knnmittce em Mininu and 
NlMTAnMiiieiY, anel me»st iinportant e)f eill, eihairman of thee I'Jxe'cutive 
{ 'onmiittiM*. In this cemneection we may reeiall that he weis alsei ii me'inis'r 
of thee Mxe'e'Utivc (•oinmittee of five, whieih serveel withesit cliange in 
IM'rsonne'l through three administrations in the trying anel critical ye'am 
1912, 1919 and 1914. Of his invaluable services at this time in ki'i'ping 
thee grc'at e>rganizatie>n intact, too high anel t.oo emiphatie! praisee eioiild neit 
be |)ut intio we)nls. One of his last anel most graes'ful servieies was 
re*nelere'd as Chairman e)f the .lames Douglas Menial f’emimitte'ee, wheise 
first Bwjirel w»w maelee at the* last Annual Me*e't ing ( I92.’0. 

Dejeiteu' lAtdoux was a mennber of many efiher technical societties, of 
which thee Mining anel Metallurgieia! He>oiety, anel the t'^anadian Itmtiteito 
eif Mining anel Meetallurgy may l>o speenally mentionesl. At t hee tnee'f ingH 
<jf the (lanaelian InstiteitiO, he was for years a fimiiliar anel welcewne* figures 
Ho entereel alike? into the? serious oxoroises anel into the merry-making. 
My mind ge>os back an I write? to the session in Quebec, in March, 19 U, 
when he? seerved as trial attorney for the aoouseel, in a famenis mock breetueh- 
e>f-promisc suit. The whole frolic was so alwnrd and so wittily couelucteed 
that no portioipant or on-Ie>oker can rooall it ovem tej this day without 
smiling and smiling to himself. One other incident of the meeting may 
tw recorded. Doctor Jmnes Douglas was in attendance. Quebec wiw the 
homo (it his boyhood. Of the old city, as everyone knows, wo itavo a 
delightful volume written by him con amoro. 'I'ho Monselgnetir in 
charge of the Laval Uuivendty was his boyhoexl playmate anel friend. 
Doctor DottgUus invited Dootor Ledoux, W. R. Tngalbt, and the writer to 
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spend the afternoon visiting this ancient seat of learning, established in 
the new world by France in its colonial days. With the gentle and 
lovable Monseigneur we were all four transported back through the 
centuries as we walked its corridors and viewed its treasures of portraits 
and mementoes of by-gone days. 

Doctor Ledoux was a man of deep and thoroughly natural religious 
life. His religion was the unforced expression of the beliefs and the faith 
which were fundamental in his nature. Reared in his youth in tliis 
atmosphere, he created it about him as he left his parental homo for his 
own career in the world. On settling in New York he became connected 
with the Brick Church of the Presbyterian communion, at Fifth Avenue 
and 37th Street. He entered actively into its work and at his dccoaBO 
was its senior Elder in term of service and could count more than 40 
years in its membership. The Brick Church is one of the famous old 
religious foundations of the city and has been for over a century one of its 
strongest bodies. For many years the Rev. Henry Van Dyke was its 
pastor and during those years a strong friendship sprang up between him 
and Doctor Ledoux. 

Doctor Ledoux was also a man of not a few other strong and devoted 
friendships. Genuine, frank and open himself, he attracted to himself 
others whose make-up craved these qualities in their friends. He »lid 
many unobtruave and generous acts to members of the vicissitudiiunis 
profession of mining engineering, with its many ups and downs of fortuiui 
and its over-severe demands upon those who pass throe score y(‘ars and 1.eu. 
At ComwaJl-on-Hudson, where he always felt and said he had his real 
home, he was known as one of the most publio-spirited and generous 
citizens of the community. 

Doctor Ledoux’s final passing on Oct. 25, 3923, was imexpected by 
those nearest him. He had been on a trip for recreation to the woods of 
Canada, but on his return developed some obscure and not fully und<‘r- 
stood ailment from which after returning to Oomwall, he peacc^ftilly and 
quietly sank into the fiboal sleep. 

Doctor Ledoux leaves one son, Louis Vernon, who was born in New 
York soon after his father moved to tho city from North Carolina. 
After pursuing in college and profesaonal school tho studies qualifltKl to 
prepare him for entrance into Ledoux & Co., Louis Ijodoux Ixsoame 
active in its work. 

Doctor Ledoux was twice married. In 1918 tho companionship of 
many years was broken. Recently the lonelmoss of his life and homo was 
dispelled by his marriage in London to Mrs. Alice Benot IJainl, who 
survives him. Doctor Ledoux also leaves two grandchildren, Ron<So 
and Louis Pierre, 16 and 11 years of age. The profound sympathy of 
the Institute goes out to his family. 


James Fvbbsan Kemp. 



I^dwiu Ludlow 


IOdwi.v IjUdijow, Uk*. forty-lh-at Presiclcnt of 1,ho A. F. M. E., died in 
Mii8k<>K<*o, Okla., on Eeb. 10, 1021, after a brief illness of influenza 
foll()WO<l by pnouinoTiia. IFn was born in Oakdale, N. Y. (on Long 
Islaixl), March 12, ISfiS, a son of William Handy and Louise (Nicoll) 



lOtiwriK Ltmiior. 


Ludlow. Ho attended EluHitiiig (I^, 1.) Institute 1K(1K"75, and Oolumbia 
Sohool of Mim» (N. Y.) where ho wm grtuluated with tho degree of 
KngizuMtr of Mineii with tho CIIohh of 1879. 

After graduation, hie flret employment wae uh aiftUHtant engineer in 
river and harbor work on the Delaware River near Philadelphia. In 
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1881, he went to Mexico as one of the en^neers on the Mexican Central 
Eailroad, then building from Laredo, Texas, to Mexico City. The road 
being in financial difficulties, he returned to the United States, and shortly 
thereafter was made superintendent of the Union Coal Company’s col- 
lieries in the western middle anthracite field, between Shamokin and 
Mt. Carmel. 

Edwin Ludlow and Arthur H. Storrs, then superintendent of the Neil- 
son Shaft Colliery, in Shamokin, were known throughout that section as 
the baby superintendents, both under 25 years of ago. The appoiirtmenta 
of such young men were at that time unique and set a record for youtliful 
assumption of responsibility in the region. One of Ludlow's cxi)ioii,H, 
which his old associates loved to tcU, 'V([as the resevro of a team of mules 
caught by a sudden inflow of water; while the old bosses wore hoinoaning 
the loss of the mules, the young superintendent stripped and swam through 
the flooded gangway and brought them out. In 1885, when Irving A. 
Steams was made manager of the anthracite properties controlhul by the 
Pennsylvania Railroad Co., he made Ludlow superintendent of the Mineral 
Railroad & Mining Company’s properties, the Cameron and Luke EidUir 
collieries at Shamokin. 

In 1889 Edwin Ludlow was offered charge of the propnrtie.s of tlie 
Choctaw, Oklahoma and Gulf R. R. Co., virgin coal lands at IlartshortK', 
Okla. The opportunity to open and develop this great property, a llehl 
80 miles long, appealed to the brilliant young engineer, and he left the 
East to make his home and fame in 22 years of arduous and su(!C(‘KKrul 
work in the Southwest. Leaving Oklahoma in 1899, he beeanm gomral 
manager of the Mexican Coal & Coke Co., Las EsperanisaB, Mexico, which 
he operated with notable success until he left the country in 1011. 

In Oklahoma, Mr. Ludlow met his wife. Miss Anna Wrighi., whom 
he married on Nov. 22, 1893. Her deligWul personality and <>p('ti- 
handed hospitality, which, through the years, has added so much to its 
affairs, was first experienced by the Institute when the entire party was 
entertained at Las Esperanzas during the Mexican mooting of 1001. 
At that meeting Mr. Ludlow presented an able paper on the coal fieldB of 
Las Esperanzas, Coahuila, Mexico, de&oribing in detail the gooloiry of the 
field and the mining methods and plant of the company. 

The opportunity to return to the Bast as vice-president and gctwiml 
manager of the New River Collieries Co., at Bodes, West Va., templtul 
him in 1911 to leave Mexico. A year later, W. A. Lathrop, then proHid<uit 
of the Lehigh Coal & Navigation Co., induced Mr. Ludlow to return to biH 
first mining work in the anthracite region, as vioe-preddont and general 
manager of that company, unquestionably the oldest inoorpomt<s<l coal 
company in the United States. From 1912 to 1919, ho brought his great 
abilities end ripe experience to the upbuildij]* of this old company. Its 
tonnage increased from 8,674,000 in 1912 to 4,768,000 in 1919; but tltat 
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ibis iii<ir<‘!isc WiiH not at Ibe expense of careful work is sliown by the reduc- 
tion in tlio fatal acfcidents’ rate from one to each 100, 000 tons produced 
in 1012 to one to 2:15,000 tons in 1918. 

Although wishing t,o retire from the burden of great operations, Mr. 
Ludlow |)a(-ri<»1ieally subordinated his wishes to the national need and 
reniaiiuul in <*liarg(f until after the War. Then ho entered consulting 
pratdie.o in New York, an<l up to the time of his tleath continued in that 
practhai and in looking aft er mining interests in Oklahoma, whero he was 
heavily inten'sted. 

Mr. Ludlow became a member of the lnstit.ul,e in 189:i; served as 
Director 19M» 19, Vi«<v-prosidont lOlOiuid 1920, First Vice-president 1920, 
aiul 8ue.«fe*'ded Mr. Hoover as President in 1921. 'rhati year he largely 
d((Vo((‘d t<* tlu! w'rvico of the Institute,. 11 <5 was vice-chairman of the 
Anthracite S<wl.iou frotn its inception until he left the nigion, liesidtss his 
Institut<‘houor.s, he was an honorary member of the Institution of Mining 
and Metallurgy of (Ircat Britain, and a nuanber of many American 
t.('e.hnieal soiaeties. As a ( Jolumbia graduate he was honored as I linjetor 
ami, in liHtl and 1920, President of the Alumni Assoe-lation of t,h(! 
Schools Mines, Mngineering and Chemistry, ami served for years «>n 
the boanl f)f the Columbia Alumni Federation, 

An engiiK'or of high attainments, ho was also an oxeesntive of the 
front, rank, notablu for both his organizing and his opcirating abilit.y. 
A gn'at iMsliever in yoring men, ho onoouragtHi his subordinates to record 
thi'ir work, and to his suggestion and assistance are duo the valuable 
papers ]>res<mt(Kl to the Institute during recent years from the ilistrict 
dominated by his company. 

Always fond of his fellow-man, Mr. Lu<lh>w belonged to many social 
organizations, the University, Century, Columbia University and 
Downt(>wn Clubs in Now York, tho Kngincors’ Country Club on Ijong 
Island, the Muskogee Oklahoma Country Club and the United Htatos 
Honiors Coif AsHocintion. 

Kdwin Ludlow oame from an old Now York family; only very 
recently they sold tlioir Long Island homestead, the only prior conveyamje 
of whieh was from the Indians to a direct Ludlow anctistor. Mr. Iiudlow 
was the last of his name, hie two older brothers. Admiral Ludlow, and 
(tenoral Taidlow, fortnerly Governor of Cuba and of tho Philippinos, are 
without male dimmdants. Surviving him are his widow; one sister, Mrs. 
Itobort Bond of Fort Hmith, Ark.; and a Iiost of friends from the Atlantic 
to tho Pacific and from Mexico to Canmla who will sorely miss him. 

In the minute recording his death tho Board of Direotors of the 
Institute wdd: 

Xa hi» daalh the profeeeion loiwe a ooureseems leeder, strong in his <«nv{et!oiis, 
honorable in his dealings, oontpoto&t and trustworthy in hi* woik, loyal in his friend- 
ships and «kK|u«nt in upholding its best traditions. 


11. V. Norsis. 



Christopher Robert Corning 

Christopher R. Corning was one of the ablest miDing engineers and 
geologists in America and one whose name was well known also in Mexico, 
Cuba, South America and many European countries. He was educated 
at Zurich, Switzerland, and at the Bergakademie, Freiberg, where he was 
graduated in 1883 with the degrees of Markscheider and Bergingenieur. 
He continued his studies at Heidelberg until 1886, chiefly in chemistry, 
under Bunsen, and mineralogy and petrography under Rosenbusch. 
Although he received a Ph.D. in chemistry, he never used the title. 
During holidays of 1883-86, he traveled, seeing mines and studying 
geology in Spain, France, En^and, Italy, Germany, and Austria. 

In 1886, he returned to America and in 1887 he was in the Lake 
Superior iron ore country on the staff of John F. Stevens, then building 
the Duluth South Shore and Atlantic Railway. In 1889, Mr. Corning 
was at the Bunker Hill & Sullivan mines at Wardner, Idaho, with J ohn Hays 
Hammond, and there met E. E. Olcott. Although Mr, Coming was not 
long connected with the Bimker Hill & Sullivan mines, he left the imprint 
of his ability and splendid personality upon the men and the property. 
That his friendship was cherished was manifested by the cordiality, hos- 
pitality and frequency of letters of good counsel and cheer. 

In 1897, Mr. Corning, with E. E. Olcott and Prof. Robert Peele of 
Columbia University, formed the firm of Olcott, Coming & Peele, con- 
sulting mining engineers. Pressure of university duties compelled 
Professor Peele to withdraw in 1904, and later Mr. Olcott was forced to 
retire by reason of other important business interests, but the friendship 
and high mutual regard of the three men continued undiminished. About 
1902, Mr. Coming and Pfofessor Peele translated into English Riemer^s 
book on ^'Shaft Sinking under Diflicult Conditions.'^ 

Mr. Coming's knowledge of structural geology, mineralogy and ore 
deposits was extensive and accurate. He was a close and intelligent 
observer. When he became interested in a problem, no amount of trouble 
was too great in endeavoring to reach a satisfactory solution. He had 
professional experience in the West, notably in the Coeur d'Alenes, 
Mexico and South America, and several times was called on to attempt 
to straighten up mismanaged properties. 

In 1912, at the request of a large number of members, Mr. Coming 
headed the “Committee of Five" that investigated the affairs of the 
American Institute of Mining Engineers and brought about beneficial 
changes in the organization and its policies. He was one of the organizers 
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of tho Mining and Metallurgical Society of America and gave much 
thought to its affairs. Ho served eight years as a member of the John 
Fritz Medal Board of Award. 

During the last ten years Mr. Corning maintained his ofl&ce in New 
York as a consulting engineer. 

Mr. Corning traveled extensively throughout the United States, 
Europe, Mexico, South America, and Cuba. He knew Europe thor- 



.CHRISDOPHEK llOSBRT COBNINO. 

oughly, was a master of many languages and had a knowledge of tho 
literature thereof. He was a man of broad view and very far seeing. Ho 
had a mental poise and soundness of judgment that gave his opinion 
unusual value, often foreseeing with great aoouracy tho development of 
political and economic events. Ho had a penetrating, judicial mind. 
He despised vague opinions and rejected generalizations when it was at 
all possible to be dofimte and precise. 

VOL. 
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Mr. Coming was utterly truthful, straightforward and upright in 
character. He had high ideals and was impatient of looseness of state- 
ment and of humbug in all its forms. Sometimes he was so positive in 
expressing his opinion that he aroused antagonism among those who did 
not know him, intimately enough to appreciate his sterling mental and 
moral qualities; a man of fine dignity with a splendid but practical 
conception of what is broadly referred to as professional ethics ; intolerant 
of the shoddy incompetent characters that by chance might cross his path. 

He was noted for loyalty and faithfulness to his friends. There was no 
sacrifice too great for him to make for one for whom he had a feeling of 
real friendship. One never seemed to get very close to him, however, even 
if one was much with him. He was ever the kind and courtly gentleman of 
the oppoffltion. His peculiarity of strongly held opinions with a some- 
what quick temper occasionally repelled men before they had an oppor- 
tunity to understand him. He was always ready to give up his strong 
prejudices if they could be shown to be unfounded. He was most anxious 
to get at the truth. He tried to be fair. It took strong reasons to make 
him change his opinions, but he was willing to change. In reality, iimate 
courtesy coupled with an earnest desire to do the right thing were so 
dominant as to be his controlling motives. With a kindly and affec- 
tionate nature, he responded to friendship in an almost boyish way. 

Mr. Coming took a considerable interest in economic and political 
questions, which became greater as time went on. His tendency was 
toward pessimism; this seemed accentuated toward the close of his life 
and was often expressed by a directness of speech which amazed the 
hearer. After his stroke in 1922, a great change came over him, which 
surprised his friends. He became much milder both in his opinions and 
in his maimer of expressing them. The patience with which he bore his 
long illness and the restrictions entailed thereby was wonderful. 

Mr. (joming was bom in New York, May 12, 1859. He died at 
Chitel-Guyon, France, July 2, 1924. He is buried at Petit Saconnex, 
Geneva, Switaerland, near the residence of his sister, Mrs. Sarah C. 
Galopin. 'film t^id Prof. H. K. Coming, his brother, of Basle, Switzerland, 
survive. His fa^er, Ephram L. Corning, died at Litchfield, Conn., 
only one week before him. His mother died thirty years ago. 

It may be tody said of Mr. Coming that he was a man it was a privi- 
lege to know. He was exceptional in his breadth of reading and though 
his favorite subjects were scientific he was acquainted with and appre- 
ciated a great range of EngUsh, French and German literature. He was 
essentially an aristocrat in a social and professional way. This oharac^- 
teristic combined with his otihiers inspired a high professional ideal and an 
attitude that sometimes made h«m '‘difl5oult” with Americans; never- 
theless, he was loyal, warmhearted and, with all his worldly experience, 
‘'true blue.” 

Chablbs F. Rano. 



John Edward Stead 


John Edward Stead, a past-president of the British Iron and Steel 
Institute, and an Honorary Member of this Institute since 1906, died at 
his home at Bedcar, Yorkshire, on Oct. 31, 1923, after a long illness. 
For many years, Mr. Stead had been recognized as a leading authority 



John Edward Strad. 


in ohenaical and metallurgical matters, particularly those relating to iron; 
he gave freely of his experience by the contribution of papers to the 
twenty-dght technical societies in which he retained his membership 
as recently as 1920. He had been honored with the Doctor’s degree by 
three English universities, and was elected a Fellow of the Royal Society 
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in 1903. The Bessemer Medal was awarded to him in 1901, by the Iron 
and Steel Institute. 

Doctor Stead was bom Oct. 17, 1851, at Howden-on-Tyne, and 
owing to his delicate health received his early education from his father. 
When sixteen years old he was apprenticed to John Pattinson, analytical 
chemist at Newcastle, w'ith whom he entered into partnership in 1876, 
having meanwhile gained further practical experience as chemist for the 
Tharsis Sulphur and Copper Co., and for Bolokow, Vaughan & Co. 
In 1906, Mr. Pattinson retired, but Doctor Stead continued the practice 
under the same nsune, Pattinson & Stead, in partnership with H. 
Frankland. 

In addition to his technical pursuits. Doctor Stead took active part in 
the civic, educational and philanthropic affairs of Middlesbrough and 
other districts of north Yorkshire. 



Heinrich Oscar Hofman 


In thk death of Professor Hofman, the world has lost a great metallur- 
gist and a great author of metallurgical literature. Measured in time, 
his life was not quite seventy-two years, but measured in work accom- 
plished it was much longer than this. He was born Aug. 13, 1852 and 
died Apr. 28, 1924. 



Hjuinhioh Osoah Hofiaan. 


It is not surprising that Doctor Hofman became a great scholar, for 
his father, Karl Hofman, was on the faculty of Heidelberg University, 
and his early days were spent in those surroundings. He studied in the 
university under such men as Kirohhoff and Bunsen and often spoke of his 
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intimate relations with them. Following his course at Heidelberg, he 
studied at the Clausthal Mining Academy, where he was graduated with 
honors, receiving the degrees of Mining Engineer and Metallurgical 
Engineer in 1877. 

After four years of practical work in Germany, Professor Hofman 
came to the United States and during the next four years was employed 
for brief periods successively by the Mine La Motte Co.; the Argentine 
Lead Works, Kansas; the Delaware Lead Works, Philadelphia; the Grand 
View Mining and Smelting Co., Eico, Colo.; and the Carmen Mining 
Co., Mexico. 

In 1886, Professor Hofman was invited by Prof. R. H. Richards, head 
of the Department of Mining Engineering at the Massachusetts Institute 
of Technology, to give a course of lectures on lead smelting, and later 
during a brief period he substituted in teaching both mining and metal- 
lurgy. He remained at the Institute for two years as private assistant to 
Professor Richards, leaving in 1887 to become Professor of Metallurgy 
and Assaying at the South Dakota School of Mines. In 1889, he returned 
to the Massachusetts Institute of Technology as Assistant Professor 
of Mining Engineering and Metallurgy, and served successively as 
Associate Professor and Professor of Metallurgy. On the retirement 
of Professor Richards in 1915, he became head of the Department of 
MiTimg and Metallurgy. In 1922, having reached the age of 70, he was 
automatically retired with the title Professor Emeritus. 

A year before he retired he suffered a slight paralytic stroke and by 
almost imperceptible degrees it became more difSicult for him to get 
about. For several months before his death he was confined to his house. 

In 1889, Professor Hofman received the degree Ph.D. from Ohio 
University and, in 1921, the American Institute of Mining and Metallur- 
gical Engineers made him, an Honorary Member. 

Throughout the United States and other countri^, Hofman’s treatises 
on metallurgy will be found on the shelves of technical Ubrarios, both 
public and private, and the Transactions contain numerous papers by 
him. His first book, “Metallurgy of Lead,” publidied in 1892, at once 
became a standard work. It ran through several editions and was com- 
pletely rewritten in 1918. This book, together with various papers on 
the subject and annual reviews in the Mineral Industry, established 
him as one of the foremost authorities on lead in the coimtry. As chair- 
man of the Lead Committee of the Institute, he was in continual touch 
with the progressive men in the industry and urged them to publish the 
results of their experience and research. In this way he made an indirect 
though important contribution to the literature of the subject. His 
“General Metallurgy,” published in 191?, has been translated into several 
languages. “The Metallurgy of Copper” followed in 1914, and “The 
Metallurgy of Zinc and Cadmium ” in 1921. It had been bis ambition to 
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complete the series by a volume on “Minor Metals,” another on “Gold 
and Silver,” and possibly a volume on “Iron and Steel.” 

A reader of the Hofman books is at once struck by the profuse bibliog- 
raphy. Authoi-ities are given for every statement and each subject is 
viewed from all angles. For many years, his desk was in the departmental 
library and he was familiar with every book on its shdves. All the 
world’s leading publications on mining and metallurgy passed through his 
hands and important articles were noted and catalogued. He had 
a remarkable memory for published facts, and times without number the 
inquiring student was given a reference where he could find an answer 
to some question. 

It was Professor Hofman’s custom to take about a month in the 
summer for vacation. During the remainder of the year, except when 
engaged in classes or routine school work, he was poring over his manu- 
scripts in various stages of preparation. His power of concentration was 
a marvel to his associates. He would work in the Ubrary for hours amid 
a pile of reference books and bound periodicals, apparently oblivious to 
students coming and going around him. After putting the manuscript 
of a book in the form of a rough draft, it was his custom to visit most of 
the leading smelting plants and then with fresh information in hand put 
it into final fonn. He also carried on an extensive correspondence with 
friends in the industry who kept him informed on recent progress. The 
results of these painstaking efforts to secure accuracy and to completely 
cover the field are fully evident in his books. Few men have the qualifica- 
tions necessary to produce such treatises. 

Although ProfossorTIofman had a host of friends and acquaintances 
and was known by reputation to a still larger group, it is doubtful if a 
largo number knew him as a man apart from the metallurgist. This was 
true even with most of the students in his classes; all of them respected 
him, })ut only a small nxunbor sought his friendship. To this inner circle 
there was revealed a kindly nature and a sympathetic spirit. Here was 
a man who had at instant command a wonderful store of knowledge yet a 
remarkable simplicity of manner which removed all embarrassment and 
allowed free interchange of ideas on a plane of equality and comradeship. 

Professor Hofman was woU informed on public affairs and kept familiar 
with the best literature. He was passionately fond of music and for years 
was a regular attendant at the concerts of the Boston Symphony Orches- 
tra. These tastes were shared by his wife and served to produpe a 
pleasant home atmosphere and a restful change from the arduous techni- 
cal duties of the day’s work. 

At the outbreak of the World War, Professor Hofman dearly dis- 
cerned its causes and his sympathies were entirely with the Allies from 
the start. It was a trying period for him, with nephews serving on both 
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sides, but there was never a doubt regarding his attitude toward Prussian 
militarism. 

Professor Hofman was married, in 1883, to Josephine Longhead of 
Philadelphia, who died after a few years; and, in 1902, to Fannie E. 
Howell, of Boston, who survives him, as do also a son and a daughter. 
The son is now a student at the Massachusetts Institute of Technology. 
As the technical world loses a commanding figure, they mourn one who 
was in every sense a loving husband and father. 


Cable R. Hatwabd, 



Fred Walter McNair 


There is mitigation for the sorrow of friends and the tragedy of 
sudden death when that death comes at the height of a successful career. 
It is not everyone’s privilege to die, as has been the wish of many, in the 
harness — ^toihng, accomplishing, still necessary to the scheme of things. 
Nor is it everyone’s privilege to leave a mohument to his work. 



Fred Walter MoNajr. 


Dr. Fred Walter McNair died thus — ^in the midst of his work of 
educating, leaving along the path down the quarter century of his presi- 
dency of the Michigan College of Mines hundreds of men who, having 
come under his influence, have been successful in life. 
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After graduating from the University of Wisconsin and studying at 
the University of Chicago, Doctor McNair went first to the faculty 
of the Michigan Agricultural College. In 1893, as a young man only two 
years out of college he was sent to the Michigan College of Mines as head 
of the Department of Mathematics and Physics. Six years later he was 
made president, when the institution consisted of but two buildings and 
the idea of mining engineering colleges was still new. Today, after 
twenty-five years of his imflagging, loyal effort, ten buildings house the 
College of Mines, which has a world-wide reputation. 

In his father before bim were the roots of his great ability as an, 
educator and his deep devotion to education, for it was H. A. W. McNair 
who, as chairman of the Legislative Finance Committee, brought about 
co-education at the University of Wisconsin, an idea which did not find 
ready approval at the hands of the slow-thinking pioneers of the early 
days. ' 

Doctor McNair’s ability as a physicist was widely known but his hope 
that he mi^t some day spend all his time in physical re'search was never 
consummated; his executive duties were too pressing. His hobby was 
Nature. In his early days it was the minerals of northern Michigan in 
which he was interested. He foimd Powellite for the third time in the 
world and in an entirely new crystal formation. In later years it was 
myxomycetes and he contributed to the authority, MacBrides’ book on 
the subject. 

Upon the entry of the United States into the War, Doctor McNair 
made the college campus an army post, and it was there that the ei^ineer 
battalion of the 32nd Division was recruited and trained. From his own 
duties in Washington he frequently went back to see the little army which 
he loved fco think of as his own. His war activities, however, were 
among thfe coBfiges as well, for in 1917, acting on a suggestion of the 
War Department, He oiganized a committee which united forty-one lead- 
ing engineeiing colleges of the countiy in a publicity campaign — ^the first 
instance of Such college coSperation. 

The greatCT part of his time during the War and the year following was 
spent in W^ai^iiagtoU and witii the Pacific Fleet. Two of his Ufe-long 
friends coflahoi^ted with him hi devdioping for the United States Navy 
a revolutiontuy instrUpmijC' for thh b% giuns in the next wpx. That the 
finer, more tedmei^ inote importoht engihfes of war must be kept secret 
lest an enemy ^profit, is the reaScm why the world has not known of this 
contribution to navd gunnery. 

Doctor McNair was a member of the Joint Conference Committee 
established by the National Industrial Conference Board for the study 
of engiiieexing education as related to industries. He engaged in various 
expert investigations for private intmests, and was a contributor on 
ph3rBioal, engineering, and educational subjects to technical and scientific 
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periodicals. He was a member of the American Physical Society; Fellow 
of the American Association for the Advancement of Science, vice-presi- 
dent, Section D, 1904r05, secretary of council, 1905-06, general secretary, 
1906-07; member Society for Promotion of Engineering Education, 
member of council, 1900-02, vice-president, 1902-03, president, 1904-05; 
member, American Institute of Mining and Metallurgical Engineers, 
Mining and Metallurgical Society of America, Lake Superior Mining 
Institute, Phi Beta Kappa, Tau Beta Pi, Rotary, and various other dubs. 

Fred Walter McNair was bom at Fennimore, Wis., on Dec. 3, 1862. 
He was killed in a railroad accident at Buda, HI., while returning from the 
annual meeting of the Society for the Promotion of Engineering 
Education. 


Hugh McNair. 



Raphael Pumpelly 

Raphael Pxjmpbllt, who became a member of the Institute in 1871, 
the year of its organization, and retained his membership for a long period, 
died at his home in Newport, R. I., Aug. 10, 1923. He is survived by a 
son, Raphael, Jr., and by two daughters, one of whom is the wife of Prof. 
Henry L. Smyth, of Harvard. 

Doctor Pumpelly was born in Oswego, N. Y., in 1835. He studied 
sciences and mining engineering in Paris and at Freiberg, later taking 
his Doctor's degree at Princeton. He was Professor of Mining at 
Harvard from 1866 to 1873. 

Doctor Pumpelly made geological explorations in many lands. In 
1861-63, he conducted a scientific exploration for the Japanese govern- 
ment, and for two years thereafter carried on researches in central, 
western, and northern China and Mongolia. In 1864-65, he undertook a 
voyage of exploration across the Gobi desert, returning to Europe through 
Siberia. 

He was State Geologist of Michigan from 1869 to 1871; Director of 
the Missouri Geological Survey from 1871 to 1873; and Chief of Division, 
U. S. Geological Survey, directing the mineral industries division of 
the tenth census. He organized and directed the Northern Transcon- 
tinental Survey, 1881-84; directed the explorations inaugurating the iron 
ore industry of most of the ranges of Michigan and Western Ontario, 
1897-1901; initiated and directed a physical-geographical and archeo- 
logical exploration of Central Asia under the auspices of the Carnegie 
Institution of Washington, 1903-04. 
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Oscar Rohn 


Oscar Rohn was born in Jackson, Wis., June 27, 1870. He attended 
the University of Wisconsin and there gained from Professor Van Hise his 
inspiration for scientific effort and useful attainment. While a student 



OscAB Rohn. 

at Wisconsin ho was interested in athletics and was a member of the first 
eight-oared crew that Wisconsin sent to compete with Eastern crews at 
Poughkeepsie. He was an instructor in the gymnasium for several years. 
Ho received his B. S. in 1895 at Wisconsin, specializing in engineering 
and geology. 
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In 1898, he was a member of a reconnaissance party in southwestern 
Alaska, under Mr. Spurr.‘ In 1899, he was in charge of a detachment 
of the Copper River Military Exploring Expedition sent out by the U. S. 
War Department. Mr. Rohn’s report on the geology of the Chitina 
River and Skolai Mountains, Alaska, explored during this season,* was 
a reconnaissance report, but its accuracy was testified to many years later 
by Mofl&t and Capps in a more detailed report for the U. S. Geological 
Survey on this same region. 

From 1901 to 1903, he was active in mine management and in explorer 
tion for iron ore in the Lake Superior region. During 1902 and 1903, he 
was manager of the Donora Mining Co. At about this period, he made a 
geologic study of the Baraboo iron range, acquired a large acreage of 
iron lands and developed an iron property that became one of the pro- 
ducers of that district. From 1903 to 1906, he carried on work as a 
consulting engineer. In 1903, he made an extended examination of prop- 
erties in Cerro de Pasco, Peru. From 1904 to 1906, he was engaged in 
examining mining properties in Tonopah and Goldfield and other mining 
districts of Nevada. He organized and operated an automobile stage 
line in this territory, which served as a connecting line between various 
railroad points and isolated miniTig camps. 

In 1906, he went to Butte, Mont., as manager of the Pittsburgh and 
Montana Copper Co., which had a large acreage east of the principal 
mines of the Butte Hill. Its property, known as the Pittsmont mine, had 
two shafts Bunk to the 1200-ft. level and a considerable amount of develop- 
ment work done at this level. It also had a smelting plant. As to ores 
in sight, however, the property was sadly deficient. Indebtedness in' 
bonds and; notes amounted to nearly three million dollars. Mr. Rohn 
recognized|:^e importance of the secondarily enriched ores of the higher 
levels in t^e Butte camp. He had also been told by Malcolm Mac- 
Donald th&t the Silver Bow mine of the Anaconda company, where it 
reached thfe west bouiidary of the Pittsburgh and Montana ground, had 
left standing at the boundary line a fine shoot of ore on the 800-ft. level. 
In the early devdbpment of the Pittsmont, drifts had been run a long 
distance to the werf on the 1200-ft. level of this property. Mr. Rohn 
carried these wozk^^ ^ aJ ^int near the west boundary, raised and 
equipped for hbiBting a thrB(»HioinpaHment vertical shaft to the 800-ft. 
level, and there found a shoot of ore that put the property on a profitable 
ba^. From^ this time forward the operation of this property was 
continuously successful. 

In connection with the underground dOvdopment that he carried 
forward, Mr. Rohn studied smelting with particular regard to the require- 


‘ See U. S. GeoL Surv. 20th Anmai Report. 
*See n, S. Qeol. Stnv. Zlst Annual Report. 
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ments of the Pittsmont mine ores and rebuilt the smelting plant according 
to the best practice then known, so that it was possible to treat ores more 
economically than they could have been treated in custom smelters. 

In the year 1909, through Mr. Rohn's efforts, the Pittsmont property 
was absorbed by the East Butte Copper Mining Co.; the consolidated 
East Butte properties rapidly becoming important producers of copper, 
retiring the original Pittsmont indebtedness from earnings and going on a 
dividend basis in 1917. Production of this company from its own and 
some custom ores has ranged from 10,000,000 to 25,000,000 lb. of copper 
per year. 

Mr. Rohn was an automobile enthusiast, and about 1913-15, he was 
deeply interested in road building, particularly roads rimning out of Butte. 
As president of the Silver Bow Roads Assn., chairman of the Montana 
State Highway Commission, and also as an independent contractor, Mr. 
Rohn left a permanent monument to himself in the building of several 
hundred miles of good roads in the territory surrounding Butte. 

While at Butte, Mr. Rohn was active in couamunity projects. He 
was an organizer of the Butte Chamber of Commerce; a member of the 
Executive Committee of the Butte Employers Assn.; a member of the 
Executive Committee of the Montana State School of Mines; a director 
of the Silver Bow and Butte Country Club, and active in other repre- 
sentative organizations. He belonged to the American Institute of 
Mining and Metallurgical Engineers, Mining and Metallurgical Society 
of America, and Lake Superior Mining Institute. 

As the problems in connection with mine and reduction plant at Butte 
became largely solved, Mr. Rohn became interested in the development 
of the oil industry in the Rocky Mountain States. In 1919, he moved to 
Denver, where he made his home for the remainder of his life. 

On Sept. 19, 1923, he visited Butte to examine a newly equipped 
shaft of the Pittsmont mine. Standing on a scaffolding, with others of 
the operating force, he was having the skip nm from the shaft into the 
dumping cradle and back again. He leaned forward, presumably to see 
more closely the operation of the* skip as it dropped back into the shaft 
from the dumping cradle, and the top of his head was caught between the 
skip bonnet and the edge of the ore bin. He was killed instantly. 

Mr. Rohn is survived by his widow, Mrs. Lou Foster Rohn; by a son, 
James, attending the Golden School of Mines in Colorado; and by his 
mother, Mrs. Jane Rohn of West Bend, Wis,, three brothers and one sister. 

The regard in which he was held by Ids close associates cannot bo 
better expressed than by the following tribute offered as a memorial in 
booklet form by the employees of the Bast Butte Co. and bearing the 
name of every employee of that organization. 

^'In the race men run some do outstrip their fellows— -some aohiovo 
wealth, some fame, but he achieves most who wins the respect, oonfidonc(i, 
and regard of his fellow men. 

TOX*. L**»— 7$ 
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“Death has ended the race for one who has so achieved, his smile is 
forever stilled, his kindly counsel will no more be heard. Yet, so well 
did he run the race, so well did he meet his stewardship, so deeply did he 
enter the hearts of his fellow workers that forevermore will his memory 
be cherished. 

“Such is om simple tribute to the man we knew and loved.” 

J. H. 'Wabneb. 


As A Geologist 

It was my privilege to know Oscar Rohn from the time we began our 
geologic training together under Van Hise — in the lecture room and in 
field trips to the Lake Superior country. Rohn’s first field work was in 
the Lake Superior region where he took up a number of problems relating 
to the iron ranges and to the Keweenawan lava flows of the north shore of 
Lake Superior, his graduating thesis being on the Beaver Bay diabase. 
In connection with these investigations he made up, with prodigious 
labor, a systematic set of Lake Superior rocks to illustrate some of the 
special features covered in the United States Geological Suivey mono- 
graphs. This collection, known as the Rohn Collection, was widely 
distributed in universities and museums all over the world. His attack 
on the problem of Lake Superior geology was a vigorous one, and large 
results would certainly have come if he had been permitted to continue 
in this field. He next went to Alaska for two seasons with the United 
States Geological Siuvey, and for the time became very much interested 
in the study of glaciers and other Alaskan problems. He not only made 
many new observations, but laid out a plan for a systematic study of 
glaciers which, if followed through, would have been of the widest 
scientific import. On his return from Alaska, Rohn took charge of an 
important iron-mining operation in the Lake Superior country. By 
vigorous exploration, he largely increased the holdings of his company, 
and these were in time absorbed by the United States Steol Corporation. 

With the absorption of his company by another interest, Rohn went 
west and, after considerable activity in the Nevada gold fields, undertook 
the development of the East Butte property. This was his dominant 
interest to the time of his death, though in later years he gave considerable 
attention to oil exploration and development of new properties in Mon- 
tana, Colorado, and elsewhere. During this period he was responsible 
for the initiation of much investigative work of value, such as the study 
of wall-rock alterations in the East Butte veins by W. J. Mead and C. T. 
Kirk. He was always alert to the possibilities of encouraging such work, 
not only for their immediate commercial bearing, but in the interest 
of advancement of the science of geology. 


C. K. Leith. 



Albert Ladd Colby 

Albbkt Ladd Colbt, who died suddenly of influenza at Torquay, 
England, on Apr. 30, 1924, was born in New York City, on June 26, 1860. 
He was educated in the public schools of New York, at the College of the 
City of New York, and received the degree of Ph. B. from the Columbia 
School of Mines in 1881. He continued his studies at Columbia, acting 
occasionally as assistant to Prof. C. P. Chandler, until 1883. For 
the next three years he was Assistant Professor of Chemistry in Lehigh 
University; then head chemist and metallurgical engineer of the Bethle- 
hem Steel Co., at Bethlehem, Pa., occupying the latter position until 
1903. As head chemist his active and inventive mind devised several 
improvements in apparatus for increasing the rapidity and acctiracy 
of the analytical work; as metallurgical engineer, he was, from time to 
time, in charge of the blast-furnace, open-hearth, bessemer, and puddling 
departments; he had entire charge of the inspection, assignment, and 
economic use of all mctallurgioal materials, and he early gave his atten- 
tion to the formulation of specifications for metallurgical materials — an 
activity in which he long held a distinguished part in this coimtry, 
and as a representative of his own coimtry in Elngland and Europe. He 
also served as expert for his company in patent suits, again laying the 
foundation for valuable service later as a consulting engineer. In this 
latter capacity he was excelled by few, if any, contemporaries ia the iron 
and steel industry. His mind was ingenious, thorou^, clear, and keen, 
both in the preparation of evidence and its presentation to the Coturt. 
He very quickly appraised the value of evidence, or of an answer to a 
question, and knew how to secure the information, either from the 
available literature of any langua^, or by special researches or plant 
studies. In the executive control of literary research for patent purposes, 
his long training, infinite capacity for digging through long series of 
articles in En^sh, German or French, and clear formulation of the vital 
subject matter for the guidance of assistants, made him invaluable. 
He was also an adept in collecting information on special branches of his 
profession. For example, when the science of metallography began to 
assume importance, he made the first really comprehensive bibliography 
covering the literature of all sidorurgical countries; for the newly formed 
International Nickel Co. he gathered all the information extant on the 
subject of nickel steel, both in the literature and in the minds of experts 
in America and Europe. Two books testify to the thoroughness of his 
work in this capacity, viz. : “American Standard Specifications for Steel/’ 
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1902, and “Reinforced Concrete in Europe,” 1909, besides many 
monographs. 

On the completion of his work for the International Nickel Co., Mr. 
Colby practiced as consulting engineer, with office in New York, and later 
in Bethlehem, although he always maintained a branch office in New 
York City. He practiced a good deal in Europe, representing American 
firms and inventors there, which his familiarity with French and German 
and wide acquaintance among the prominent iron and steel men especially 
fitted binn to do. While connected with the Bethlehem Steel Co., from 
the year 1886, he was in demand by other companies as consulting 
engineer or expert in patent suits. In 1906, he began to specialize in 
byproduct coke manufacture, and practiced in this industry for several 
years. 

Mr. Colby will be remembered particularly for his life-long work on 
the specifications of steel, for his contributions to the advance of metallur- 
gical knowledge in his several compilations of specialized information, for 
his public work as a representative of the industry, and for his active and 
disinterested support of technical societies. In 1900, he represented his 
company at the Paris Exposition, and served as Juror in Metallurgy 
and official representative of the American Association of Steel Manu- 
facturers; he was also TJ. S. representative at the International Congress 
for Testing Materials of Construction. He was Special Iron and Steel 
Commissioner in the Department of Mines and Metallurgy at the St. 
Louis Exposition, 1904, and, during the late war, took an active part in 
the standardization of aircraft steels. He was Secretary of the Ameri- 
can Association of Steel Manufacturers, which, during his incumbency 
(1897 to 1905), made the first successful effort to standardize specifications 
for finished steel, and he served actively on committees of the American 
Association for Testing Materials, and its international associate, in 
formulating steel specifications. Space does not permit our listing all 
the committees on which he served in his various technical societies, 
which included: the Iron and Steel Institute of Great Britain, American 
Society of Mechanical Engineers, American Institute of Mining and Metal- 
lurgical Engineers, American Chemical Society, American Society of Civil 
Engineers, Society of Chemical Industry, American Iron and Steel Insti- 
tute, Fra nklin Institute, German Iron and Steel Institute, American 
Foundry-men’s Association, Engineers’ Society of Western Pennsylvania. 

On June 20, 1894, Mr. Colby married Miss Agnes Wilson Leo, of 
Lewistown, Pa., who, wifh their two children, survives him. 

BbADIiBT STOtrOHTON. 



Chester Wells Purington 

Chesteb WBLiiS PuRiifGTON was killed at Yokohama on Sept. 1, 
1923, in the Japanese earthquake. Mr. Purington was bom in Boston, 
Mass., Oct. 27, 1871. He prepared for his entrance to Harvard at the 
Boston Latin School and graduated from Harvard in the class of ’93. 



CEBsrnB WniiLB PuiujiroTOir. 


Ho started out soon thereafter investigating gold deposits of the Appala- 
chian system in the South and in 1896, made a trip to Alai^, investigating 
the gold deposits of that territory. The summer and fall of 1890 found 
him in the San Juan country of Colorado examining the gold and silver 
properties in the Telluride and Hioo districts and in the La Plata Moun- 
tains. In the meantime, he had served on the economic staff of the U. S 
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Geological Survey as assistant to the late Geo. F. Becker. He spent 
most of 1897 in Europe, traveling through Belgium, Germany, Russia, 
Holland, Austria, and Switzerland, when he became deeply impressed 
with the possibilities of Russia, and made several examinations of gold, 
iron, and copper deposits in the Ural Mountains. 

For the next two years, Mr. Purington was engaged in professional 
examinations in South America and in various parts of the United States. 
In 1900, he devoted his efforts to practical mining, first at a hydraulic 
mine in southern Oregon and then at the famous Camp Bird mine in 
Colorado. 

From 1902 to 1907, Mr. Purington was consulting engineer in Denver, 
in partnership with Godfrey Doveton; he also had an office at 20 Copthall 
Ave., London. In 1904, he prepared a special report on costs of placer 
mining in Alaska, which was published by the U. S. Geological Survey. 
This was followed by many examinations in Colorado, Arizona, Idaho, 
Wyoming, Utah, and Mexico, where he examined the Cananea Con- 
solidated. In 1907, he made investigations in far eastern Siberia for 
British companies, including the property of the Orsk Goldfields, Ltd., 
of London. This property was located on the Amur River about 60 
miles west of Nikolaievsk. Here he proved a large area of dredging 
ground, which was afterwards equipped withtwo American dredges which 
operated successfully for many years under his direct control and 
management. 

The year 1911 foxmd Mr. Purington in Alaska examining the property 
of the Pioneer Mining Co. at Nome; he then returned to Russia, making 
many examinations in various parts of that great mining country. 
Impressed with the many difficulties encountered in handing frozen 
gravel, he studied this subject and applied the results to many improve- 
ments in the Lenskoi mines, in the Irkutsk Province of Siberia. All of 
this work was done while he was consulting engineer for the Lena Gold- 
fields, Ltd., of London, who owned a controlling interest in the Lenskoi 
gold mines. 

With several associates he organized the American Committee of 
Engineers in London in connection with the conduct of the war. This 
conunittee had about one hundred members and acted as a technical 
clearing house of ideas in assisting the Allied governments. It dealt with 
Russian military transport at the front, anti-submarine devices, aero- 
nautics and Allied propaganda for Russia. This conunittee also furnished 
information to the United States Consulate in London, the Council of 
National Defense in Washington, and gave much aid to our government 
during the war. In 1918, Mr. Purington served with the Military 
Intelligence Staff in Washington, and also in the service of the United 
States Bureau of Mines in England and at Paris in the preparation of 
special reports; on March 10, 1923, he was appointed Major in the 
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Officers Eeserve Corps of the United States, in recognition of his service 
to this country during the war. 

^ At the close of the war, he returned to Siberia and obtained large 
concessions of placer property on Okhotsk Sea on the Pacific Coast of 
Siberia. As that district was in the zone of revolutions and civil war, 
many difficulties were experienced. He was very enthusiastic about the 
wonderfully rich placer deposits existing for many miles on the rough 
seacoast of the Okhotsk, and during the last three years he made many 
trips to inspect these properties and investigate the many mines, 
which were operating with primitive hand methods. 

Because of the unsettled political conditions on the Siberian coast, 
Mr. Purington was obliged to postpone many activities in that section 
and therefore had been concentrating his energies on work in the Japa- 
nese Empire, making his home in Yokohama. 

Mr. Purington’s writings, coveiing the broad field of his experiences, 
are well known to most of the profession and his opinions were held in 
the highest regard by all who sought them. Few American engineers 
were as well known throughout the world and as highly regarded as ho 
was. He was a member of the American Institute of Mining and Metal- 
lurgical Engineers, the Institute of Mining and Metallurgy of London, 
and of the Harvard Clubs in London, Boston and New York. He was 
a keen observer of all valuable details and during his extensive travels 
ho never lost an opportunity to learn something. 


A. C. LUDLtTM. 
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Absorption of Sulfur from Producer Gas in Open-hearth Furnaces (Nead) 176; Discus-' 
sion: (Watbbhouse), 184; (Retndbrs), 184; (Kinney), 184. 

Accidents, transportation, Clifton-Morenci district, 851. 

Addicks, Lawrence : Discussion on Calculating the Zinc for Desilverizing Lead Bullion 
by the Parkes Process, 625, 626. 

Admiralty metal, corrosion tests, 391, 394. 

Adsorption, 647, 670, 686, 720. 

Adsorption-concentration curves, 730. 

Ajo plant, see Ne^c Cornelia Copper Co. 

Alexander, H. H. : Discussion on CalcuLciing (he Zinc for DesilveHzing Lead Bullion 
. by the Parkes Process, 627. 

Alexander, H. H. and Stack, J. R.: BeducUon and Refining of Tin in the United 
States, 404. 

Alexander, Jerome; Discussion on the Nature of Marlensile, 39, 42. 

Alford, Newell G.: Timber Used in Bttumimus-coal Mining, 789. 

Aluminum cathodes, 515. 

Amalgamated Zinc (de Bavay’s) Ltd., lead leaching, 4G5. 

American pneumatic separator, 763. 

American Smelting & Refining Co., tin smelting and refining, 409, 422, 435. 
Ammonia leaching, Calumet & Hecla: costs, 609. 
cycle, 601, 602. 
distillation, 604. 
flow sheet, 603, 605. 
leaching, 597. 
outline, 595. 

oxidation of solution, 598. 
results, data, 609. 
steam use, 599. 

Ammonia Leaching of Calumet <fc Hecla Tailings (Benedict and Kenny), 595; Dis- 
cussion: (Dalbby), 610; (Benedict), 610. 

Anaconda Cop|>cr Co., lead leaching, 462. 

Analysis: slag, open-hearth furnace, 162. 
tin, electrolytic, 438. 
tin concentrates, 406. 

water, oil flolds, United Kingdom, 1074, 1075. 

Anderson, H. G. S.: on Reduction and Refining of Tin in the United 

States, 445, 446. 

Anderson, Robt. J.: Discussion on Corrosion of Brass as Affected by Grain Size, 402 . 
Anderson, Robt. J., and Knos, George M.: Corrosion of Brass as Affected by Grain 
Size, 391. 

Annealing, efifoot on hardness after cold working, 846, 352. 

Anode slag, treatment, 581. 

Anodes, electrolytic zinc process, 487, 515. 
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Anthracite: fields, past and future tonnage, 797. 
production, past and future, 797. 
reserves, 797. 

sand-flotation installations, 743. 
valuation of properties, 797. 

Application oj Sand-flotation Process to the Preparation of Biturninous Coal (Chance), 
740. 

Arizona, railroad, first, 829. 

Arizona Copper Co., Ltd., history, 832. 

Arkansas, oil, Smackover field, see Smachover oil field. 

Armco iron: data from a furnace heat, 178, 180 
diffraction patterns, 323. 
malleability at high temperatures, 8, 9 
photomicrographs, conical illumination, 261. 
slag and metal analysis curves, 177, 183. 
sulfur absorption in furnace, 176. 
twisting tests, 7. 

Arms, Rat W.: Dry Cleaning of Coaly 758; Discicssion, 766, 768, 769, 770, 773, 774. 

Armstrong, P. A. E. : Discussion on Stainless Steely with Particular Reference to the 
Milder Varieties (Stainless Iron), 63. 

Arsenic, removal in zinc leaching, 501. 

AsHiiBT, George H. : Discussion on Data about Labor Employed in Various Bituminous 
Coed Mines, 824, 826. 

Atomic action in deformation, 284. 

Atomic structure: austenite, 26, 32, 36. 
iron and its modifications, 25. 
solid solutions, 26. 

Austenite, atomic arrangements, 26, 32, 36. 

Atreb, Ettobnb E.: Centrifuging Petroleum-refinery Emulsions, 1122. 

Back pressure, oil wells, Brock Field, Oklahoma, 1164. 

Baghouse, tin, 421. 

Bain, Edgar C. : The Nature of Martensite, 25; Discussion, 42, 45. 

Balance sheet: charge, open-hearth furnace, 145. 
thermal, open-hearth furnace, 143, 146, 172. 

Baltimore Copper Smelting & Rolling Co., black-copper treatment, 581. 

Bassett, W. H.: Discussions: on Effect of Cold Working on Scratch and Brinell Hard- 
ness, 351. 

on Reduction and Refining of Tin in the United States, 444, 

Beasley, A. F.: Discussion on Calculating the Zinc for Desilverizing Lead Bullion by 
ihe Parkes Process, 628. 

Bell, J. Maokintobh: South Lorrain Silver District, Ontario, 1043. 

Benedict, C. H.: Discussion on Ammonia Leaching of Calumet <fe Hecla Tailings, 610. 

Benedict, C. H., and Ejcnny, H. C. : Ammonia Leaching of Calumet <fc Hecla Tailings, 
595, 

Bingham district: copper ores, 871, 876, 912. 
faults, 864, 866, 916. 
geology, 869, 895, 908. 

Highland Boy limestone, 861, 873, 907, 909, 926. 

Highland Boy mine, 860, 864, 871, 907, 912. 
history, 866. 
igneous rocks, 862. 
lead ores, 876.. 



INDEX 


1241 


Bingham district: Leadville orebodies, 877, 913. 
limestones, 860, 878, 884, 909. 
litigation, 904. 
map, geologic, 861. 

metamorphism of limestone, 878, 884. 
ores, 866, 881. 

origin of lime-silicate rocks, 886. 

Petro vein, 920, 921. 
petrographic history, 895. 

petrographic studies of limestone alterations, 884. 

porosity of rocks, 894. 

porphyry, 863. 

quartzite, 859, 914. 

section, stratigraphic, 860, 879, 888. 

Utah Apex-Utah Consolidated controversy, 904. 

Utah Copper Hill, 862, 866 

Yampa limestone, 860, 861, 864, 875, 915, 917, 926. 
zircon in concentrate, 891, 893. 

Biographical notice: Colby, Albert L., 1233. 

Coming, C. R., 1216. 

Hofman, Heinrich O., 1221. 

Ledoux, Albert R., 1207. 

Ludlow, Edwin, 1213. 

McNair, Fred W., 1225. 

Pumpelly, Baphnel, 1228. 

Purington, Chester W., 1285. 

Rohn, Oscar, 1229. 

Stead, J. E., 1210. 

Black copper: electrolysis, direct, 581. 
electrolyte, 583, 686, 593. 
polarization, 583, 587. 
slimes, 586, 589. 

experimental treatment, Baltimore Copper H. & R. Co., 582. 

Blast furnace, iron : 
blast volume, 237. 
coke combustibility, 224. 
isochronous linos, 227, 229, 230. 
model experiments, 226. 
stock-descent linos, 227, 229, 230. 
tuyere-zone conditions, 225. 

Blast furnace, tin, 424. 

Blavloox, fcSMLWYN (1.: Diacusaion on Eleclrolylic Zinc from Complex Ores, 528. 
Bole, G. A. and Davih, F. W. : Reguiretnents of Refractories for Open Hearth^ 186. 
Bolivian tin con(*,eid.ratcH, 404. 

BonciiiORDT, W. ().: Discussion on Bffuicncy of Hcrceniiig^ 041. 

Bomite: Butte, origm, 052. 
photomutrographs, 9*t4. 

Bosqui, F. L., »Ih.: Discussion on JlydromeUdiurgy of Lewi, 406, 

BjOADLisr, OnvKU U.: Flmluation of Casinghead (hiSj 1139. 

Brass: corrosion, as afTectod by grain size, 391. 
photoniierograpliH, 398. 
oflfoct of overstrain, 281. 
equilibrium diagram, 377. 
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Brass: hardness, after rolling, 355. 
effect of reheating, 388. 

heat treated, photomicrographs, 367, 376, 378, 390. 
microstructure, effect of heat treatment, 365, 375. 
nickel, equivalent compositions, 329. 
physical properties after reheating, 370. 

relation of heat treatment to properties and structure, 365, 375. 

Brasses, equivalence, 328. 

Bbight, Geaham: Diacttasion on Coal Mining by the V System, 787. 

Blight stock, oU, manufacture, 1108, 1117. 

Brine leaching, complex ores, 475. 

lead, see Lead, brine leaching. 

Brittleness, Stead’s, 326. 

Brock field, Oklahoma, back pressure on oil wells, 1153. 

Bunker HiH 4c Sullivan Mining Co., 493, 520, 523. 
lead desilverizing plant, 628. 
lead leaching plant, 459, 466. 

Burra Burra ore, Ducktown, Tenn., 1000. 

Burt filter, 507. 

Butte chalcocite, secondary enrichment, 933. 

Ccdcidating the Zinc for Desilverizing Lead Bullion by the Parkes Process (Gbiswold), 
611; Discussion: (Withebell), 614, 625, 626, 630; (Gbiswold), 622, 
624, 625, 626, 630; (Kbbjci), 624; (Addicks), 625, 626; (Gboss), 626; 
(Amixandbb), 627; (Beasley), 628; (Linvillb), 630. 

Calumet dc Hecla Mining Co., ammonia leaching, see Ammonia leaching. 

Caebt, Robebt C. : Discussions: on Efficiency of Screening, 640. 

on GreenawaU Electrolytic Copper Extraction Process, 569. 
on Reduction and Refining of Tin in the United States, 445. 

Carbon content, coal, relation to oil and gas fields. United Kingdom, 1071. 
Cabmichael, Nobmae: Discussion on Deoehpmmt of Mine Transportation in Clifton^ 
Morenci District, 853, 854. 

Cabmichael, Nobmae, and Kiddie, Johe: Development of Mine Transportation in 
Clifton-Morend District, 826. 

Cabpeeteb, Jay A. : Discussion on Trend of Prices in the Petroleum Industry, 1167. 
Cabi»bb, F. E.: Discussion on Effect of Severe Cold Working on Scratch and Brinell 
Hardness, 363. 

Casinghead gas: evaluation, 1139. 
gasoline production, 1151, 1152. 

OMahoma data, 1140. 
value, 1150, 1152. 

Cathodes, aluminum, electrolytic zinc, 515. 

C^trifugal dehydration, oil, 1105, 1122. 

Centrifugal force, calculation and theory, 1109. 

Centrifugal machines, dehydrating, 1110, 1122. 

Centrifugal Removal of Wax from Petroleum LuMcaHng Oils (Joiras), 1117. 
Centrifugmg, oil, see Oil, centrifuging. 

Centrifuging Petroleum^efinery Emulsions (Atbbs), 1122. 

Chalcocite, Butte: bomite replacement, 9M 
crystal system, 959. 
downward persistence, 936. 
photomicrographs, 943, 1010. 
secondary enrichment, 933. 
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ChaJcopyrite, photomiorographs, 947. 

Chance, H. M, : Production of Higfi-grade Blast-furnace Coke, 750. 

Chance, T. M. : Application of Sand-flotation Process to the Preparation of Bituminous 
Coal, 740. 

Charge balance sheet, open-hearth furnace, 145. 

Chloridizing roasting, lead ore, 450. 

Christenson processes, lead leaching, 456, 464. 

Christie, John L.: Discussion on Effect of Severe Cold Rolling on Scratch and Brinell 
Hardness, 357. 

Chromium, effect in steel, 48. 

Clayton, Chas. Y., Foley, Francis B., and Frey, Muir L.: Physical Defects in 
Hollow Drill Steel, 290. 

Clifton-Morenci district: copper companies, 831. 
geology, 827. 
history, 828. 
map, 827. 
topography, 826. 

transportation, see Transportation, Cliftorv^Morenci district. 

Coal: anthracite, see Anthracite. 
ash, 741, 750. 

carbon content, relation to oil and gas fields, United Kingdom, 1071. 
cleaning, dry: air requirements, 759. 
air stratification, 758. 

American pneumatic separator, 763. 

costs, 769, 770. 

dust collection, 762, 768. 

McComas plant, 702, 770. 
patents, 75$. 
settling formulas, 759. 
status, 762. 
test results, 765. 

Wyoming Coal Co., 763, 766, 770. 
coke requirements, 750. 
differential separation for coking, 754. 
inherent, ash, 750. 

pneumatic separation, see Coal, cleaning, dry. 
production: labor data (tables), 808. 

past and future, 792, 707, 799. 
reserves, 797, 803. 
screening, 762, 770, 771. 

specific gravity, relation to ash and sulfur content, 741. 
x-ray photograph of ash, 755. 

Coal mining: conveyor system, West Virginia Coal and Coke Co., 779, 
labor data, 805. 
labor requirements, 783. 
man-hours required per net ton, 807. 

*‘Movor*' conveyor, 779. 
production data, tables, 808 
thickness of beds, 824. 
timber used, 789. 

valuation of properties: anthracite, 797. 
bituminous, 798. 
by states, 803. 
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Coal mining: valuation of properties: methods, 794. 

report of U. S. Coal Commission committee, 794. 

West Virginia Coal & Coke Co., V system, 776. 

Coal Mining hy the V System (Southwabd), 775; Diacuesion: (Southward), 783, 785 
786; (Eavbnbon), 783; (Raigotl), 783; (db Vdnnt), 786; (Rutledge), 
786; (Bright), 787. 

Coal washing: anthracite: Pine Hill Coal Co., 743, 744. 
sand-'flotation installations, 743. 
sand-flotation results, 745. 
bituminous: sand-flotation process, 740, 742, 756. 
costs, 748. 
flow-sheets, 747. 
lequirementa, 740. 

Cobalt district, geological sequence, 1044. 

Cobalt, removsJ in zinc leaching, 502, 624. 

Coefficient of equivalence, brasses, 328. 

Coke: blast-furnace, production from cleaned coal, 750. 
combustibility: definition, 233, 236. 
effect on stock descent, 2^, 228. 
investigations, 224. 
condition in tuyere zone, 225. 

Colby, Albert L., biographical notice, 1233. 

Cold working: effect on hardness, 344, 352, 360. 
effect on tensile properties, 357, 359, 362. 
microstroctuial changes, 348. 

Combustibility, coke, see Coke^ cotiil>u8itbility. 

Committees of the A. I. M. R, xvi. 

Complex ores: brine leaching, 475. 
cost sheet, 473. 

electrolytio sino recovery, 479, 486. 
flotation, 474, 478. 
middlings treatment, 483. 
payment for, 476. 
roasting and sinteiing, 473. 
smdting, 472. 
sulfating process, 484. 
trend in treatment, 471. 
volatilization treatment, 475, 482. 
zinc removal, 477, 486. 

CoMBTOOX, Georged F.t Diacuesions^ on Effect cf Zitconium on Hot^oUing Pfopertiea 
of Highsuffwr Steela and the Occurrence cf Zirconium Sulfide^ 220. 
on XJae of Sodium Picrate in Eeeealing Dendritic Segregation in Iron Alloys, 
25L 

Conical illuminatioii in metallography, 259. 

Consolidated Mining dt Smelting Co., lead leaching, 461. 

Copper, a mmo n i a leaching, see Ammonia leaching. 
annealed, hardness, 346, 352. 
anode dag treatment, ”581. 

Bingham district, 871, 87^ 912. 
black, see Black copper. 
cold rolled: hardness, 344, 851. 
microstruoture, 348. 
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Copper, electrolytic, see Electrolytic copper. 
hydrometallurgy, economic position, 529. 
leaching: electrolytic precipitation, 533. 

electrolytic process, see Electrolytic copper, leaching. 
gas precipitation, 532. 

Greenawalt process, 543. 
iron precipitation, ^1. 
precipitation from solution, 531. 
ultimate standard process, 534. 
refining, black-copper electrolysis, 582. 
speiss treatment, 590 
tensile properties after rolling, 357. 

Copper mining, companies, Glifton-Morenci district, 831. 

Copper>nickel silvers: boimdary lines, 335. 
chemical vs. structural analysis, 334. 
hot and cold-working alloys, 338. 
photomicrographs, 336. 
physical properties, 340. 

Copper-zinc system, equilibrium diagram, 377. 

Cornell, Sidney: Discussion on Effect of Coke Combustihility on Stock Descent in 
Blast Furnaces, 238. 

Corning, Christopher R. : biographical notice, 1216. 
portrait, 1217. 

Corrosion of Brass as Affected by drain Size (Anderson and Enos) 391; Disctission: 

(Rawdon), 401; (Anderson), 402; (Webster), 402, 403; (Coyle), 402; 
(Price), 403. 

Corrosion tests: brass, 391. 
immersion factor, 401, 402. 

Cost sheet, complex ore treatment, 473. 

Costs: ammonia leaching, Calumet & Heola Co., 609. 
electric welding, oil tanks, 1203. 
electrolytic-zinc processes, 521. 

open-hearth steel, variation with type of charge, 136, 139, 143, 166, 172. 
sand-flotation process, 747, 748, 749. 
transportation, Clifton-Morenci district, 849. 

Cottrell apparatus, oil dehydration, 1101. 

Covellito, Butte, 943, 952. 
photomicrographs, 1011. 

Coyle, Francis B. : Discussion on Corrosion of Brass as Affected by drain Size, 402. 

Crane, W. R.: Discussion on Dry Cleaning of Coal, 769. 

Croasdale, Stxtart: Discussion on Greenawalt Electrolytic Copper EictracHon Process, 
567. 

Crusts, zinc, Parkes process, 611, 614, 623, 627. 

OtTMMZNGB, W. L.: Discussion on Biographic Studies of Limestone AUsrcUions at 
Bingham, 002. 

Cut oil, dehydration, see Dehydration, oil. 


Dalbet, G. E.: Discussions: on Ammonia Leaching of Cahmet <& Becla Tailings, 610. 

on Direct Electrolysis of Black-copper Anodes of High Nickel4ead Content, 594. 
Data about Labor Employed in Various Bituminous Coat Miirn (Bavenbon), S05; 

Discussion: (Eavenson), 823, 824, 825; (Ashley), 824, 825; (Holbrook), 
824; (Taylor), 824; (Norris), 825. 
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Dayis, F. W. and Bolb, G. A.: Requirements of Refractories for Open Hearth, 186. 
Deformation under stress: aggregate of grains, 278. 
atomic action, 284. 
single grain, 275, 313, 314. 

DbGolybb, E.: Discussion on Trend of Prices in the Petroleum Industry, 1166, 1168. 
Dehydration, oil: bright stock manufacture, 1108. 
centrifugal, 1105, 1122. 
centrifugal machines, 1110, 1122. 

CJottrell apparatus, 1100. 
electrical, 1100. 

heating and gasoline loss, 1102. 

HF treater, 1102. 

National treater, 1101. 
refinery applications, 1107, 1122. 

Dblaiulatbb, G. B. : Discussion on Dry Cleaning of Coal, 770, 771, 773 
Dendrites, formation in steel ingots, 74. 

Dendritic segregation in iron alloys: etching reagents, 239, 251. 

sodium picrate etching, 239. 

Dendritic structure, iron, 239. 

Desilverization, lead, Parkes process, see Parkes process, 

Detroit Copper Mining Co., 831. 

Development of Mine Tra^nsportalion in Clifton-Morenci District (Cabmichabl and 
Kttddie), 826; Discussion: (Carmichabl), 853, 854; (Lbgbakd), 853; 
(Gottsbbbgbb), 854; (Kiddie), 855. 

Db Vbnny, Thomas: Discussion on Coal Mining hy the V System, 786. 

Differentiation, ore deposition, 975. 

Diffraction patterns: Armco iron, 323. 
metals, 315. 
molybdenum, 319. 
steel, 325. 
tungsten, 315, 318. 

Diffusion: concentration gradient, 307, 310. 
in solid state in metals, 305. 
particle growth, 307, 310. 

Direct Electrolysis of Blachoopper Anodes of High Nickelrlead Content (Mbebisb), 
581; Discussion: (Withbebll), 692; 693; (Linvillb), 693; (Mbbbiss), 
593, 594; (Dalbby), 594. 

Distillation, ammonia leaching, 604. 

Dobnin, Gbobgb a.: Discussion on Effect on Steel of Variations in Rate of Cooling 
in Ingot Molds, 134. 

Douglas medal, presentation, 1924, xl. 

Drill Bted: cracks: depth and location, 293. 
effect, 300, 
mitigation, 301. 
photomicrographs, 296. 
hollow: breakage, 291. 
defects, 200. 

Drilling, Smackover oil field, 1095. 

Dry Cleaning of Coal (Abms), 758; Discussion: (Arms), 766, 768, 769, 770, 773, 
774; (Tatlob), 768; (Eavbnson), 769; (Cbanb), 769; (Jorgbnsbn), 769, 
770, 771, 773, 774; (Dblamaibb), 770, 771, 778. 

Duoktown deposits: Burra Burra ore, 1000, 
description, 999. 
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Ducktowu deposits, enrichment, 1014, 

Mary ore, 1001, 

microscopical study of alteration, 1005. 

oxidation, 1005. 

primary ore, 1000. 

surface alteration, 1002. 

zone of enrichment, 1003. 

Eavbnson, How Ann N.: Data about Labor Employed in Various Bituminous Coal 
Mines, 805; Discussion, 823, 824, 82€u 
Discussions: on Coal Mining by the V System, 783. 
on Dry Cleaning of Coal, 769. 

Economic Significance of Metalloids in Basic Pig Iron in Basic Open-hearth Practice 
(Kinnut), 136; Discussion: (Pazzbtti), 166; (Waterhouse), 171; 
(Kinney), 171. 

Effect of Bach Pressure on Wells in Brock Field (Love jot), 1153; Discussion: (Esta- 
brook), 1157; (George), 1158. 

Effect of Coke Combustibility on Stock Descent in Blast Furnaces (Rotstbe and Joseph), 
224; Discussion: (Swehtsbr), 233, 237, 238; (Joseph), 236; (Franchot), 
237; (Cornell), 238. 

Effect of S&)Gre Cold Working on Scratch and Brinell Hardness (Rawdon and Mutchlbr, 
342; Discussion: (Bassett), 351; (Christie), 357; (Freeman), 359, 360; 
(Webster), 359, 362; (Price), 360; (Pilling), 360; (McAdam), 360, 362; 
(Smith), 362; (Jeffries), 362; (Carter), 363; (Rawdon), 363. 

Effect of Zirconium on Hot-ToUing Properties of High-sulfur Sted and the Occurrence of 
Zirconium Sulfide (Fbild), 201; Discussion: (Saklatwalla), 218; 
(Stoughton), 218; (Fbild), 218, 221; (M'Cance), 219; (Comstock), 220. 
Effect on Steel of Variations in Rate of Cooling in Ingot Molds (Priestley), 73; Dis- 
cussion: (Gathmann), 129; (McKinney), 133; (Dornin), 134. 

Efficiency of Screening (Warner), 631; Discussion: (Canby), 640; (Warner), 640, 
646; (Borchbrdt), 641; (Flanagan), 644. 

Elastic after-effect of overstrain in metals, 283. 

Electric furnace, hearth repairs, 199, 
zinc melting, 520. 

Electric haulage, Clifton-Moronci district, 833. 

Electric steel, rofmement limitations, 200. 

Electric Welding of Large Storage Tanks (Price), 1193; Discussion: (Jessop), 1202, 
1203; (Wheeler), 1203. 

Electric welding, oil-storage tanks: advantages, 1200. 
cost, 1203. 
erection, 1194. 
history, 1193. 

machinery and accessories, 1199. 
reliability, 1202. 
tests, 1196. 

Electrical charge, mineral particles in flotation, see Flotation, electrical charge. 
Electrical Dehydration of Cut Oil (Mahone), 1100; Discussion: (Wright), 1103; 

(Mahone), 1103, 1104; (Milliken), 1104. 

Electrolyte: blaok«oopper electrolysis, 583, 5S6| 598. 
tin refining, 433. 

Eleotrolytio copper, leaching: development, 530. 
economic position, 629, 580, 
deotiolysis, 533. 
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Electrolytic copper, leacbing: ferro-ferric cycle, 535. 

Greenawalt process, 543. 
iron interference, 535. 

New CJomelia Copper Co., 530, 541, 560, 567, 569. 
possibilities, 564. 
precipitation methods, 531. 
reduction of ferric salts, 539, 545, 547. 
reduction towers, 542. 

Electrolytic iron: malleability at high temperatures, 11, 12. 
twisting tests, 11. 

Electrolytic lead precipitation, 454, 467, 469. 

Electrolytic refining: black copper, 581. 
tin, 432, 435. 

Electrolytic zinc : anodes, 487, 515. 

Bunker Hill & Sullivan Co., 493, 520, 523. 

cathodes, 512, 515, 519. 

complex ores, 479, 486. 

cooling, 516. 

costs, 521. 

current density, 492, 513. 

current efficiency, 'Ikail plant, 528. 

extraction in leaching, 489, 494, 495. 

jdow sheets, 490. 

glue addition, 518. 

high-acid process, 491. 

high current density, 492, 513. 

impurities, 488. 

leaching, see Zinc leaching. 

low and high acid, 612. 

manganese behavior, 487, 518. 

Martinez plant, 493, 504, 511. 
melting, 519. 
mist formation, 519. 
present position, 479, 486. 

Rand Mines Ltd., 492. 
spongy deposits, 486. 
temperature effect, 516. 
zinc sponge, 486. 

ElectrolyHc Zinc from Complex Ores (Tainton and Lbtson), 486; Discussion: 

(WooiiF), 523; (Hansen), 525; (Blatlock), 528. 

Elu b, O. W. : Discussion on EelaUon of Heat Treatment to the Microstructure of 60-40 
BrasSy 389. 

Elmore processes, lead leaching, 464. 

Emmons, W. H.: Primary Downward Changes in Ore Deposits^ 964; Discussion, 095. 
Emulsification, 692. 

Emulsions: definition and theory, 1116. 
oil, centrifuging, 1122. 
stability and electrical charge, 696. 

England, oil, see Midlands, England, and United Kingdom, oU. 

Enos, Geobqb M , and Anderson, Robt. J.: Corrosion of Brass as Affected by Grain 
Size, 391. 

Equilibrium diagram: oopper-zinc, 377. 
lead-eilver-zinc, 618. 
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Equilibrium diagram: Farkes process, 617, 618. 

Equivalent brasses, 328. 

Estabbooe, E. L.: Discussion on Effect of Back Pressure in Wdls of Brock Field, 1157. 

Etching: iron alloys: Le Chatelier solution, 239, 251. 
sodium picrate, 239, 254. 

Stead’s reagent, 251. 
nitrobenzol reagent, 254. 
silicon steel, 254. 

Evaluation of Casirtgliead Oas (Bbadley), 1139. 

Evaporation Loss of Petroleum — Theories and Their Application (Wiggins), 1131; 

Discussion: (Wright), 1136, 1138; (Wiggins), 1136, 1137, 1138; (Roush), 
1136, 1137, 1138; (Bhhnke), 1137, 1138. 

Evaporation loss, oil, see Oil, evaporation loss. 

Fahrbnwald, a. W.: Surface Reactions in FlotaMon, 647. 

Feild, Alexander L.: Effect of Zirconium on Hot-rolling Properties of High-sulfur 
Steels and the Occurrence of Zirconium Sulfide, 201; Discussion, 218, 221. 

Ferrite, zinc, see Zinc ferrite. 

Ferro-ferric cycle, electrolytic copper, 535. 

Fbttkb, Charles R.: Magnetite Deposits of Eastern Porto Rico, 1024; Discussion, 
1042. 

Filter, Burt, 507. 

Fink, Colin G.: Discussion on Qreenawalt Electrolytic Copper Extraction Process, 568, 

Flanagan, V. E. : Discussion on Efficiency of Screening, 644. 

Flocculation, 707. 

Flotation: adsorption: 647, 670, 686, 720. 
experiments, 721, 728. 
organic substances, 726. 
chemicals: effect on adsorption of oils, 738. 
effect on interfacial tension, 682. 
effect on stability of mineral suspensions, 708. 
effect on surface tension, 665, 669, 698. 
coalescence of drops, 695. 
complex ores, 474, 478, 
diffusion of oils in water, 693. 
effect of electrolytes on mineral suspensions, 704, 
effect of oils on surface tension of water, 690. 
electrical charge: cause, 703. 

minerals suspended in water, 702. 
stability of emulsion, 696. 
emulsiffcation, 692. 
flocculation, 707. 
foaming, 668 

hydrogen-ion concentration effect, 709, 711. 

interfaoial tension of oil-water mixtures, 682. 

ion adsorption at surfaces of particles, 711. 

molecular dimensions, 649. 

oil collective capacity of minerals, 788« 

oil condition in water, 689. 

oil films, 671, 672, 724, 787. 

oils, adsorption by mineral separation, 720. 

oxidized ores, 474. 

peptization, 707. 
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Flotation: spreading of substances on water, 664, 671, 737- 
surface reactions, air-liquid interface, 647. 
surface tension: of bubbles in a pulp, 674. 

of oil-water mixtures, 657, 669. 
theory, 647. 

useful addition substances, relation to surface tension, 664, 677. 

Flow sheet: ammonia leaching, Calumet & Hecla, 603, 605. 
electrolsrtic zinc, 490. 

Greenawalt copper process, 548, 549, 555. 
sand-flotation process, bituminous coal, 747. 
tin smelting, 414. 
zinc leaching, Martinez, 505. 

Flynn process, lead leaching, 460, 468. 

Foaming, salt solutions, 668. 

Folbt, Francis B., Clayton, Chas. Y., and Feet, Muib L. : Physical Defects in 
HoUow DriU Steel, 290. 

Fractures, steel, photographs, 75, 81, 116, 121. 

Franchot, Richard: Discussion on Effect of Coke CombijLstibilUy on Stock Descent in 
Blast Furnaces, 237. 

Freeman, John R. Jb- : Discussion on Effect of Severe Cold Working on Scratch and 
Brinell Hardness, 359, 360. 

Fret, Muir L., Foley, Fbancis B., and Clayton, Chas. Y. ; Physical Defects in 
HoUow Drill Steel, 290. 

Furnace, open-hearth, see Open-hearth furnace. 

Gas: casinghead, see Codariphcad pa«. 

production, past and future, 791. 

Gasoline: casinghead gas, 1151, 1152. 
consumption, effect on market, 1173. 
eyaporation loss, 1131. 
oyerproduetion, 1163 
prices, 1160, 1165, 1174. 
stocks, 1162, 1174. 
supply and demand, 1173. 

Gathmann, Emil: Discussion on Effect on Steel of Variations in Rate of Cooling in 
Ingot Molds, 129. 

Gatjdin, a. M. : Discussion on Surface Reactions in Flotation, 737. 

Gel, dej^tion and theory, 1115. 

Geologists, oil, importance, 1168. 

Geology: Bingham district, 859, 895, 908. 

Clifton-Morenci district, 827. 

Cobalt district, 1044. 
oil: Midlands, England, 1061. 

Scotland, 1068. 

Smaokover field, Arkansas, 1078, 1084. 

TJnited Kingdom, 1055, 1061, 1068. 

Porto Rico, Juncos-Torres district, 1025. 

South Lorrain district, Ontario, 1043. 

UtahiApex-Utah Consolidated mines, 908. 

Geobot, H. O. : Discussion on Effect of Bach Pressure on Weds in Brock Fidd, 1158. 
Georob, K S. : SimuUOing Natural Light in Metallography^ 269. * 

Gilbert, Geoefbby: Oxidation and Enrichment at Ducktown, Tenn,, 998; Discussion, 

1 (^ 1 , 1022 . 

Glue, in eleotrolytic-rino |W>ceas, 618. 
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Gottsberger, B. B. : Discussion on Development of Mine Transportation in Clifton'- 
Morenci District, 854. 

Grain growth, steel, effect of temperature, 78. 

Grain size, brass, effect on corrosion, 391. 

Grant, C. G., and Price, Wm. B. : Some Low Copper-Nickel Silvers, 328. 

Graton, L. C, : Discussion on Oxidation and Enrichment at Ducktown, Tenn., 1022. 
Grbenawalt, Wm. E. : Qreenawalt Electrolytic Copper Extraction Process, 629; Disctts- 
sion, 575. 

CreenawaU Electrolytic Copper Extraction Process (Grebnawalt), 529; Discussion: 

(Croasdale), 567; (Fink), 668; (Walker), 569; (EIebn), 569; (Oanbt), 
669; (Toeelmann), 569; (Ralston), 572; (Grebnawalt), 575. 
Greenawalt process; comparison with New Cornelia operations, 660. 
copper-sulfide reduction, 546. 
diagram, 548, 549, 555. 
scope, 543. 

sulfur-dioxide reduction, 544, 545, 647. 
tests, 654. 

Grbbnslade, Rush: Oil and Gas Leases, 1176; Discussion, 1184, 1185, 1186, 1187, 
1188, 1189, 1190, 1191, 1192. 

Griswold, George G.: Ctdculaiing the Zinc for Desilverizing Lead Bullion by the 
Parkes Process, 611; Discussion, 622, 624, 625, 626, 630. 

Gross, W. F.: Discussion on Calculating the Zinc for Desilverizing Lead Bullion by the 
Parkes Process, 626. 

Hall, D, A., Locke, Augustus, and Short, M. N.: B6le of Secondary Enrichment in 
Genesis of Butte Chalcodte, 933. 

Hall, John H.: Discussion on Use of Sodium Picraie in Bevealing Dendritic Segrega- 
tion in Iron Alloys, 262. 

Hallett, R. L.: Discussion on Reduction and Refining of Tin in (he United States, 441, 
444. 

Hamilton, C, W. ; Discussion on Trend of Prices in the Petroleum Industry, 1167. 
Hamilton, S. Haiujert: Discussion on Magnetite Deposits of Eastern Porto Rico, 1038. 
Hansen, C. A. : Discussion on Electrolytic Zinc from Complex Ores, 528. 

Hardening: electric spark tost, 37. 

rapid cooling, 37. 

Hardness: brass: cold rolled, 355. 
effect of reheating, 388. 
cause in martensite, 42 
copper, cold rolled, 344, 361. 
effect of annealing after cold working, 340, 352. 
effect of cold working, 344, 351, 860. 
scratch and Brinell, after cold working, 342. 

Haulage, electric, Clilton-Moronoi district, 833. 

Hatward, Carle E. : Biograi^hicail Notice of Heinrich 0, Hofman, 1221. 

Discussion on Reduction and Refining <4 United States, 442, 

Heat balance, open-hearth furnace, 143, 146, 172. 

Heat treatment, brass, effect on properties and structure, 365, 376. 

Hess, F. L.; Discussion on Petrographic Studies of Limestone Alterations at Bingham, 
902. 

HF treater, oil dehydration, 1102. 

Highland case, court docisiona, 926, 930. 

Highland Boy limestone, Bingham district, 861, 873, 907, 909, 926, 

Highland Boy mine, Bingham district, 860, 871, 907, 912. 

Hinge Zone, Earth's, ore deposits, ^980. 
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Hofman, Heinrich O., biographical notice, 1221. 
portrait, 1221. 

Hoi£EOoe^ E. a.: DiscitBsion on Data dbovi Labor in Bituminous Coal MineSf 824. 

Holt-Christenson process, lead, 456, 404. 

Hombsbbeq, Victob 0., and Shaw, Dbxtke N. : Relation of Heai Treatment^ Mechanic 
cal Properties^ and Microstructure of 60-40 Brass, 365. 

Homeiibbrg, Victor O., and Williams, Robert S.: Relation of Heat Treatment to 
ike MicTOBiTvxiure of 60-40 Brass, 375. 

Honorary members, xv. 

Howe, Henry Marion, life and work, 3. 

Htot, Richard N. ; The Ores in ike Limestones at Bingham, Utahy 856. 

Hydrogen-ion concentration, effect in flotation, 709, 711. 

Hydrogen sulfide, danger in use, 580. 

HydrometaJlurgy: copper, economic position, 529. 
lead, see Lead, brine leaching. 

Hydrometallurgy of Lead (Ralston), 447; Discussion: (Bosqui), 466; (Van Arsdalb), 
468. 

ICKES, E. L. : Recent Exploration for Petroleum in the United Kingdom, 1053. 

Illumination: conical, in metallography, 259. 
nature, in metallography, 259. 

Ingot iron: data from a furnace heat, 178, 180. 
malleability at high temperatures, 8, 9. 
photomicrographs, conical illumination, 261. 
slag and metal analysis curves, 177, 183. 
sulfur absorption in furnace, 176. 
twisting tests, 7. 

Ingot molds: corrugated, 119, 122. 
design, 97, 119, 129. 
heavy wall, 134. 

Ihterfacial tension: effect of chemicals, 682. 
effect of colloids, 687. 
effect of salts, 686- 
zneasurement, methods, 678. 
oil-water, 681. 
values, 679, 681. 

Iron: allotropes and alloys: atomic arrangement, 25, 36. 
crystal structure, 35. 

Armco, see Armco iron. 
atomic structure, 25. 
blast furnace, see Blastfurnace, iron. 
cold rolled, hardness, 345. 
dendritic structure, ^9. 
electrolytic, see Electrolytic iroTk 
hardness after rolling, 345, 359. 
ingot, see Xngot iron. 

Norway, see Norway iron* 
solid solutions, 25. 
stainless, 47, 59. 

tensile properties after rolling, 358, 359. 

Iron carbide, micrographic detection, 254. 

Iron ore, Porto Rico, 1024, 1038. 

Isochronous lines, blast furnace, 227, 229, ^0. 
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JsFTRiBS, Zat: The Trend in the Science of Metals^ 303. 

Discussion on Effect of Severe Cold Working on Scratch and BrineU Hardness, 362. 
Jbssop, £. P.: Discussion on Electric Welding of Large Storage TankSf 1202, 1203. 
Jones, Leo D.: Centrifugal Removal of Wax from Petroleum Injfbricaiing Oils, 1117. 
Jorgensen, F. F.: Discussion on Dry Cleaning of Coal, 769, 770, 771, 773, 774. 
Joseph, T. L.: Discussion on Effect of Coke Combustibility on Stock Descent in Blast 
Furnaces, 236. 

Joseph T. L., and Royster, P. H.: Effect of Coke Cornbustibilty on Stock Descent in 
Blast Furnaces, 224. 

Juncos-Torres district, Porto Rico: geology, 1025. 
iron ore, analyses, 1041. 
iron ore, grade and tonnage, 1040, 1042. 
magnetite deposits, 1024, 1029, 1038. 
map, geologic, 1026. 
origin of magnetite, 1037, 1038. 

Keeley mine, Ontario, 1046, 1048, 1051. 

Kelly, Sherman F.: Discussion on Oxidation and Enrichment at Ducktown, Tenn., 

1021. 

Kemp, James F.: Biographical Notice of Albert Reid Ledoux, 1207. 

Discussions: on Oxidation and Enrichment at Ducktown, Tenn., 1021, 1023. 
on Petrographic Studies of Limestone Alterations at Bingham, 003. 

Kenny, H. C., and Beotdict, C. H.: Ammonia Lecwhing of Calumet <& Hccla Tailings, 
595. 

Kern, Edward F. : Discussions: on Greenawalt Electrolytic Copper Extraction Process, 
569. 

on Reduction and Refining of Tin in the United States, 440, 441, 442, 443, 446. 
Kiddie, John: Discussion on Development of Mine Transportation in CliJtovrMorenci 
District, 855. 

Kiddie, John and Carmichael, Norman: Development of Mine Transportation in 
Cliftorir-Morenci District, 826. 

Kinney, C. L., Jr. ; Economic Significance of Metalloids in Basic Pig Iron in Basic 
Open-hearth Practice, 136; Discussion, 171. 

Discussions: on Absorption of Sulfur from Producer Gas in Open-hearth Furnaces, 
184. 

on Requirements of Refractories for Open Hearth, 195. 

Knapp, Arthttr: The Law of Supply and Demand, 1170. 

Knickerbocker, A. K. : Discussion on Magnetite Deposits of Eastern Porto Rico, 1040. 
Krejci, Milo W.: Discussion on Calculating the Zinc for Desilverizing Lead Bullion 
by the Parkes Process, 624. 

Kremann and Hofmeior theoiy, Parkes process zincing, 617, 619. 

Krivobok, V. N. and Sadvecr, Albert: Use of Sodium Picrale m Revealing Dendritic 
Segregation in Iron AUoys, 239. 

Labor, coal mining, data, 805. 

Law of Supply and Demand (Knapp), 1170. 

Lawson, A. G.: Discussions: on Oxidation and Enrichment at Ducktown, Tenn,, 1020. 

on Petrographic Studies of lArmstone Alterations at Bingham, 900, 901, 902. 
Leaching: ammonia, see Ammonia leaching, 
complex ores, 475. 
copper, see Copper, leaching, 

copper, electrolytic process, see Electrolytic copper, leaching, 
lead ore, see Lead, brine losing. 
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Leaching: zinc, see Zinc, leaching* 

Lead: Bingham district, 875. 

brine leaching: acid treatment for solubility, 461. 

Amalgamated Zinc (De Bavay*s) processes, 466. 

Anaconda Copper Co., 462. 

Bunker Hill & Sullivan plant, 459, 466. 
chloridizing roasting, 460. 

Elmore processes, 464. 

Hyim process, 460, 468. 

Great Falls experiments, 462. 

Kennett plant, 461. 
precipitation, 454, 467, 469. 
products treated, 449. 
roasting, 450. 

solubility of lead and silver in brine, 448. 
solutions, 453. 
temperature effect, 448. 

Tintic Milling Co., 458. 

Tintic Standard Co., 466, 466. 

Trail plant, 461. 
users, 455. 

desilverization, Parkes process, see Parkes process* 

Holt-Christenson process, 466, 464. 
hydrometallurgical processes, 456. 
hydrometallurgy, see Lead, brine leaching, 
leaching processes, 456. 

precipitation from brine solutions, 464, 467, 469. 
removal from zinc concentrates, 481. 
roasting, chloridiziag, 450. 

Spence process, 456. 

Lead chloride, solubility in sodium chloride solution, 448. 

Leadville orebodies, Bingham district, 877, 913. 

Lead-silveivzinc equilibrium diagram, 618. 

Lead-zinc middlings treatment, 483. 

Leases, oil and gas, see OU and gas leases. 

Le ChateUer etching solution, 239, 251. 

Ledoux, Albert E.: biographical notice, 1207. 
portrait, 1208. 

Lee, Dai Chin, thesis on twisting tests, 7. 

liBGaAMi), Chabuqs: Discussion on Development of Mine Transportation in Clifton - 
Morend District, 853. 

Lbech, C. K.: Oscar Bohn as a Geologist, 1232. 

Lbtsok, L. T., and TArNTON, U. 0. : Eledrolytic Zinc from Complex Ores, 486. 
Limestone, Bingham district, metamorphism, 878, 884. 

LrNDGBBN, Wamjbmab: Discussion on Petrographic Studies of Limestone Alterations 
at Bingham, 900, 901. 

LjNvrLLB, C. P.: Discussions: on Calculating the Zinc for DesUverizing Lead BuUion by 
the Parkes Process, 630. 

an Direct Electrolysis of Blach-eopper Anodes of Bigh NickeHead Content, 581. 
Local sections, xvii. 

Looed, AiTGXjsrrus: Discussion on Oxidation and Enrichment at Ducktown, Term*, 

1021, 1022. 

Looed, AtrcniSTus, HaMi, D* A., and Shobt, M, N.: B6le of Secondary Enrichment in 
Genesis of Butte Chatcodte, 933. 
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Locomotives, Clifton-Morenci district, 832, 836, 854. 

Love JOY, J. M. : Effect of Back Pressure on Wells in Brock Field, 1153. 

Lubricating oil, wax removal, see Oil, wax removal. 

Ludlow, Edwin, biographical notice, 1213. 
portrait, 1213. 

Ludlum, a. C. : Biographical Notice of Chester Wells Purington, 1235. 

Magmatic s^regation, relation to ore deposits, 965. 

Magnetic separation, zinc ferrite, 498. 

Magnetite deposits, Juncos-Torres district, Porto Rico, 1024, 1029, 1038. 

Magnetite Deposits of Eastern Porto Rico (Fbttkb), 1024; Discmsion: (Hamilton), 
1038; (Knickerbocker), 1040; (Fbttkb), 1042. 

Magnetite ore, Porto Rico, photomicrographs, 1031. 

Mahonb, F. D.: The Electrical Dehydration of Cut Oil, 1100; Discussion, 1103, 1104. 
Malleability: iron, effect of high temperatures, 8. 

steel, at high temperatures, 13. 

Manganese: effect in electrolytic-zinc process, 487, 518. 
effect on sulfur in steel, 204, 219, 220, 221. 
red shortness prevention, 204. 
residual, open-hearth practice, 162, 166, 173. 

Manganese-sulfur ratio in steel, 204, 216. 

Map: Midlands, England, geological, 1058. 
oil fields, Arkansas-Louisiana, 1077, 1085. 

Scotland, geological, 1069. 

South Lorrain silver district, 1045. 

Marcasite: occurrence after pyrrhotite, 1006, 1007, 1018. 

photomicrographs, 1007. 

Martensite: colloidal dimensions, 42. 
hardness, cause, 42. 
nature, 25. 

Martinez zinc plant, 493, 504. 

McAdam, D. J., Jr.: Discussion on Effect of Severe Cold Working on Scratch and 
Brinell Hardness, 360, 362. 

M'Canob, Andrew: Discussion on Effect of Zirconium on Hot-rolling Properties of 
High-sulfur Steels and the Occurrence of Zirconium Sulfide, 219. 
McCarthy, E. T.: Discussion on South Lorrain Silver District, Ontario, 1052. 
McComas coal-cleaning plant, 762, 770. 

McKinney, Paul E.: Discussions: on Effect on Steel of Variations in Rate of Cooling 
in Ingot Molds, 133. 

on Requirements of Refractories for Open Hearth, 199. 

McNair, Fred W.: biographical notice, 1225. 
portrait, 1225. 

McNair, Huan:: Biographical Notice of Fred Walter McNair, 1226. 

Melting furnace, zinc, 520. 

Mbrriss, M. H.: Direct Electrolysis of Black-copper Anodes of High Nickel-lead 
Content, 581; Discussion, 593, 594. 

Meston, a. F.: Separation and Purification of Liquids by Centrifugation with Special 
Reference to Petroleum, 1105; DiscussUm, 1116. 

Metallogenio provinoes of the earth, 980, 

Metallography; illumination: conical, 259. 
natural, 259. 

Parkes process, use in, 617. 

Metalloids, basic pig iron, economic signiffoanoe, 186, 171. 
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Metallurgy, trend, 303. 

Metals: dMraction patterns, 315. 
diffusion in the solid state, 305. 
plasticity, 313. 
solubility in solid state, 312. 

Metamorphism, limestone, Bingham district, 878, 884. 

Micrograpkic Detection of Carbides in Ferrous Alloys (Pilling), 254. 

Middlings treatment, complex ores, 483. 

Midlands, England: geology, 1061. 
map, 1058. 
oil Tv^eUs, 1055, 1063. 

Mine cars, Clifton-Morenci district, 837, 853. 

Mine transportation, see TraneportaMon, 

Mine valuation, coal, see Coal mining, valuation of properties. 

Mining methods: transportation, see Transportation. 

V system, coal mining, 776 

Molds, ingot, see Ingot molds. 

Molybdenum, diffraction pattern, 319. 

Mottypenntt, John H. G.: Stainless Ste^ toUh Partictdar Reference to the Milder 
Varielies {Stainless Iron), 47; Discussion, 70. 

Morenci-Clifton district, see Clifton-Morenci district. 

Movor coal conveyor, 779. 

Mxjtchlbb, WnuLAJEcn H., and IUwdon, Henet S. : Efect of Severe Gold Working on 
Scratch and Brinell Hardness, 342. 

National treater, oil dehydration, 1102. 

Natural light in metallography, 259. 

Nature of Martensite (Bain), 25; Discussion: (St. John), 35, 41; (Rawdon), 37 ; 
(Alexandiob), 39, 42; (Scott), 42. 

Neai), J. H.: Absorption of Sulfur from Producer*Qas in Openrhearth Furnaces, 176. 

New Cornelia Copiwr Co., 530, 641, 560, 567, 569. 

New York meeting, 1924, proceedings, xxxi. 

Nickel: recovery from black copper, 581. 
removal in zinc leaching, 502. 

Nickel brass, equiv^ent compositions, 329. 

Nickd-oopper silvers, see Copper^ibkel silvers. 

Nitrified steel, photomicrographs, 288. 

Nitrobenzol etching reagent, 254. 

Nitrogen in Sted (Sawtbb); Discussion: (Vaotck), 287, 

Norris, R. V.: Biographical Notice of Edwin Duddow, 1218. 

Discussion on Data about Labor Employed in Various Bituminous Coal Mines, 825. 

Norway iron: malleability at high temperatures, 13, 
tensile properties at high temperatures, 23. 

GfBoeis and directors, xi. 

Oil: accumulation, causes, Smackover fidd, 1092. 
bright stock manufacture, 1108, 1117. 
casinghead gas evaluation, 1139. 
centrifuging: acid sludge in oil, 1126. 

B. S. accumulations, 1124. 
salt water mixtures, 1126. 
sour oil and caustic soda emulsions, 1120. 
sour oil and water emulsions, 1127. 
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Oil: consumption, effect on market, 1170. 
dehydration, see Dehydration, oil, 
demand, effect on market, II 70 , 1173. 
derivatives, prices, 1160, 1165. 
evaporation loss: causes, 1132. 
magnitude, 1131. 
prevention, 1135. 
theories, 1132. 

flush-pool production, 1163, 1166. 
geologists, importance, 1168. 
indications. United Kingdom, 1055. 
inventory vs. consumption, 1172. 
large wells, U. S., 1164 
leases, see Oil and gas leases. 
market, supply and demand, 1170. 

Oklahoma data, 1140. 
overproduction, 1161. 
ownership, 1176. 

prices: deviation from general price level, 1160, 1161. 
index numbers, 1159. 
trend, 1159, 1160, 1165. 
production: flush pools, 1168, 1166. 
large wells, U. S., 1164. 
past and future, 791. 
vs. consumption, 1170. 
rentals, 1180, 1187. 
royalties, 1181, 1186. 

Scotland, 1053, 1068. 
spreading on water, 671. 
stocks, 1162, 1171. 
storage tanks, erection, 1194. 
supply and demand, law, 1170. 

tan^, electric welding, see Electric welding, oiMorage tanks. 

United Kingdom: carbon variation in coal, 1071. 
exploration, 1053. 
geology, 1055, 1061, 1068. 
indications, 1055. 
map, 1058. 

temperature of wells, 1072. 
water analyses, 1074, 1075. 
wells, 1063. 

unrecoverable in abandoned wells, 1153. 
wax removal, centrifugal: application, 1108, 1117, 1121. 
chilling, 1119. 
dilution, 1120. 
solid discharge, 1118. 
top feed, 1119. 

wildcat discoveries, 1167, 1168. 

Oil and Gas Leases (Qeiqbkslai)b), 1176; Discussion: (GnaxiN), 1184; (GxiEBNSLAnE), 
1184, 1186, 1186, 1187, 1188, 1189, 1191, 1192; (Oordbll), 1186, 1188; 
(]?aw), 1185, 1186, 1188; (White), 1186, 1187; (Sohotrmbtbr), 1187; 
(Kaths), 1187, 1190; (Nixon), 1189, 1191; (Corcoran), 1190; (Hutchin- 
son), 1190, 1191, 1192; (Lovbjoy), 1190; (Smith), 1190; (Umwjdbt), 1191; 
(Dat), 1191, 
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Oil ajid gas leases: basis, 1176. 
drilling, 1180. 
form 88, 1184. 
forms, 1177. 
obtaining, 1184. 

rations after discovery of oil, 1182. 
rentals, 1180, 1187. 
right to go on land, 1178. 
royalty payment, 1181, 1186. 
term of lease, 1179. 

Oil drilling, Smaekover field, 1095. 

Oil emulsions, centrifuging, 1115, 1122. 

Oils, flotation: adsorption by mineral separation, 720. 
diffusion in water, 793. 
effect on surface tension of water, 690, 

Oil-water mixtures: interfacial tension, 682. 
surface tension, 667, 669. 

Oil wells: back pressures, Brock Field, Oklahoma, 1164. 
discovery dates, 1164, 

England, 1063 

large, production, 1164. 

peak production dates, 1164. 

Scotland, 1070. 
stop-cocking, 1156, 1158. 
temperatures, 1072. 

Oklahoma: casinghead-gas data, 1140. 
data on oil-producing areas, 1140. 

OiiDBtaHT, G. L.: Present Trend in Treatment of Complex Ores, 471. 
Ontario, ^uth Lorrain silver district, 1043. 

Open-hearth furnace: bulkheads, 188. 
construction, 187. 
hearth section, 188, 198. 
life, 194, 197. 
oi)erating data, 178, 180. 

I)ort8, 190. 

refractory requirements, 186. 
regenerators, 191. 
roof, 189. 
side walls, 189. 

slag and metal analysis curves, 177, 183. 
slag pockets, 191. 
uptakes, 191. 

Open-hearth practice: chemical balance sheet, 145. 

cost variation with type of charge, 136, 139, 143, 166, 172. 

data for different heats, 142, 169, 170. 

efficiency, thermal, 171. 

manganese, residuiil, 162, 166, 173. 

run-off slag, 138, 166. 

slag analyses and ratios, 161, 162. 

thermal balance sheet, 143, 146, 172. 

Open-hearth steel, sulfur absorption from gas, 176. 

Ore, complex^ see Complex ores. 

Ore deposition, sonal theory, 992. 
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Ore deposits: changes related to depth, 970. 
differentiation in formation, 975. 

Hinge Zone, 980. 

in*egular arrangement, 972 

metallogenic provinces, 980. 

parent mass, criteria for recognition, 965, 975. 

primary downward changes, 964 

vein system, reconstructed, 982, 983. 

zones, successive, 971, 993. 

Ores in the Limestones at Bingham^ Utah (Hunt), 856. 

Origin: lime-silicate rooks, Bingham district, 886. 
magnetite deposits, Porto Rico, 1037, 1038. 
silver ore, South Lorrain district, Ontario, 1051, 1052. 

Overproduction, oil and gasoline, 1101, 1163. 

Overstrain in Metals (Wood), 274. 

Overstrain in metals, effect on brass, 281. 
effect on properties, 274. 
effect on single grain, 277. 
elastic aftor-offect, 283. 

Oxidatim and Bnrichmetii at Ducktoivn, Term, (Gilbert), 998; Discussion: (Lawson), 
1020; (Kpenoer), 1020; (Gilbert), 1021, 1022; (ICemp), 1021, 1023; 
(Looke), 1021, 1022; (Kelly), 1021; (Singewalu), 1021; (Gbaton), 1022. 

Paleozoic folding, 981. 

Pantagraph collector, Clifton-Morenci district, 840, 841 

l^arkes pmeoss: Bunker Hill & Sullivan Co., 628. 
crusts, Oil, 614, 623, 627. 
diagrams of zincing procedure, 619, 620. 
equilibrium diagrams, 617, CIS. 
flow and quantity diagram, 622. 
formula for zinc addition, 612, 615. 

Kromann and Hofmoier zincing theory, 617, 619. 
motallographic aid, 617, 

Withoroll zincing theory, 620. 
zinc calculation, 611, 619. 
zincing diagrams, 019, 620, 622. 
zinc-silvor ratio in crusts, 627. 

Particle growth in solid metals, 307, 310, 311. 

Pazzetti, V. J.: Discussion on Economic Significance of Metalloids in Basic P%g Iron 
in Bade Open^hearih Practicef 166. 

Peptization, 707. 

Peterson, Orbin P, : Some (kological Features and Court Decisions of the Utah Apex- 
Utah Consolidated Controversy, Bingham District, 904. 

Petrographic Studies of Limestone Alterations at Bingham (Winohell), S84; Discussion: 

(Lindoben), 900, 901; (Spenobb), 900; (Lawson), 900, 901, 902; (Sales), 
902; (Hess), 902; (Cummings), 902; (Kemp), 903; (Winohell), 903. 

Petroleum, see OU. 

Photomiorographs: Armco iron, 261. 
bomito, 944. 
brass, corroded, 398. 
brass, heat treated, 367, 876, 378, 890. 
ohaloocite, 943, 1010. 
ohaloopyrite, 947. 
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PhotoxnicFOgiaplis: conical illumination, 261. 
copper, cold rolled, 348. 
copper-nickel silvers, 336. 
covellite, 1011. 

dendritic structure in steel, 240. 
drill steel, cracks, 296. 

Ducktown ores, 1007. 

magnetite ore, Porto Eico, 1031. 

marcasite, 1008. 

nitride in steel, 288. 

pyrrhotite, 1008. 

stainless steel, 50, 53, 55. 

steel, sodium picrate etching, 241, 255. 

sulfide inolusions in steel, 207. 

Physical Defects in Hollow DriU Steel (Foley, Clayton, and Frey), 290. 

Pilling, Norman B.: Micrographic Detection of Carbides in Ferrous AUoys, 254. 

Discussion on Effect of Severe Cold Working on Scratch and Brinell Hardness, 360. 
Pine HiU Coal Co., sand-flotation process, 743, 744. 

Plasticity, metals, 313. 

Pneumatic separation, coal, see Coal, cleaning, dry. 

Pneumatic separator, American, 763. 

Pogue, Joseph E.: Trefnd of Prices in the Petroleum Industry, 1159. 

Polar and non-polar molecifles, 648. 

Polarization, black copper electrolysis, 583, 587. 

Popiilation growth, United States, 789. 

Porto Hico, magnetite deposits, 1024, 1038. 

Portrait; Coming, Christopher R., 1217. 

Hofman, Heinrich 0., 1221. 

Ledous, Albert R., 1208. 

Ludlow Edwin, 1213. 

McNair, Fred W., 1225. 

Purington, Chester W., 1235. 

Rohn, Oscar, 1229. 

Stead, J. E., 1219. 

Ports, open-hearth furnace, 190. 

Precipitation: cGpper, 531. 

lead, from brine solutions, 454, 467, 469. 

Present Trend in Treatment of Complex Ores (Oldright), 471. 

Price, HAboIiD C.: Electric Welding of Large Storage Tanks, 1193. 

Price, Wm. B.: Discussions: on Corrosion of Brass as Affected by drain Size, 403. 

on Effect of Severe Cold Working on Scratch and Brinell Hardness, 360. 

Price, Wm. B. and Grant, C. G.: Some Low Copper^ichel SUverSt 328. 

Prices, oil, see Oil, prices. 

Priestley, William J. : Effect on Steel of Y aviations in Bate of Cooling in Ingot Molds, 
73. 

Primary Dowrwjord Changes in Ore Depo^ (Emmons), 964; Discus&um: (Spubr), 992; 
(Emmons), 995. 

Proceedings, New York meeting, 1924, xxxi. 

Producer gas, sulfur absorption by open-hearth steel, 176. 

Production: coal, labor data, 808. 

past and future: coal, 792, 797, 799. 
oil and gas, 791. 

ProducHcn of Highrgrade Blast-furnace Coke (Chance), 750. 
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PuMPBLLT, Raphael, biographical notice, 1228. 
PuBiNGTON, Chester W.: biographical notice, 1235. 
portrait, 1235. 

Pyrrhotite; photomicrographs, 1007. 

replacement by marcasite, 1006, 1007, 1018. 


Raioxtel, Edward B. : DiBcvAsion on Coed Mining by the V System, 783. 

Railroad, Arizona, first, 829. f 

Ralston, Oliver C.: HydrometaUurgy of Lead, 447. 

Discussion on Qreenawalt Electrolytic Copper Extraction Process, 572 
Rand, Charles F, : Biographical Notice of Christopher Robert Coming, 1216. 

Rand Mines, Ltd., 492. 

Rawdon, Henry S. : Discussions: on Corrosion of Brass as Affected by Grain Size, 401. 
on Effect of Severe Cold Working on Scratch and BrineU Hardness, 363. 
on The Naiwre of Martensite, 37. 

Rawdon, Henry S., and Mutchlbr, Willard G. : Effect of Severe Cold Working on 
Scratch and BrineU Hardness, 342. 

RecerU Exploration for Petroleum in the United Kingdom (Ioees), 1053. 

Rod shortness, prevention with manganese or zirconium, 204. 

Redvetion and Refining of Tin in the United States (Alexander and Stack), 404; 

Discussion: (Kern), 440, 441, 442, 443, 446; (Stack), 440, 441, 443; 
(Hallett), 441, 444; (Hayward), 442; (Bassett), 444; (Canby), 445; 
(Anderson), 445, 446. 

Refining, tin, 404, 432, 435. 

Refractories; cost factor, 192, 196. 

properties, general requirements, 187. 
requirements for open hearth, 186. 

Regenerators, open-hearth furnace, 191. 

Rbinartz, L. F.; Discussion on Regyiremenls of Refractories for Open Hearth, 
196. 

RelcMon of Heal Treatment, Mechanical Properties, and Microstructvre of 60-40 Brass 
(Hombrbero and Shaw), 365. 

Relation of Heat Treatment to the Microstructure of 60-40 Brass (Williams and Homeb- 
BERO), 375; Discussion: (Ellis), 389. 

Requirements of Refractories for Open Hearth (Davis and Bole), 186; Discussion: 

(Kinney), 196; (Rbinabtz), 196; (McKinney), 199. 

Reserves, anthracite, 797. 
bituminous coal, 803. 

Residual manganese, open-hearth practioe, 162, 166, 173. 

Rbynders, J. V, W.: Discussion on Absorption of Sulfur from Producer Gas in Open^ 
hearth Furnaces, 184. 

Roasting: ohloridizing, lead ore, 450. 
complex ores, 478. 
tin concentrates, 416, 423. 

Rohn, Oscar: biographical notice, 1229. 
portrait, 1229. 

Rdle of Secondary Enrichment in Genesis ofBuUe ChdkooUe CLoexs, Ball, and Short), 
983; Discussdon: (Schwartz), 962. 

Rolling: effect on hardness, 342, 359. 
effect on tensile properties, 867, 359. 
properties, effect of zirconium in high-sulfur steels, 201, 216. 

Royalties, oil and gas, 1181, 1186. 
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Rotstbr, P. H. and Joseph, T. L. : Effect of Coke Combibstibility on Stock Descent 
in Blast Furnaces, 224. 

Run-off dag pra,ctice, open-hearth furnace, 138, 166. 

Rutledge, J. J. : Discitssion on Coal Mining "by the V System, 786. 

Saklatwalljl, Beram D. : Discussion: on Effect of Zirconium on HoUroUing Properties 
of HighsitJfur Steels and the Occurrence of Zirconium Sulfide, 218. 
on Stainless Steel, with Particular Reference to the Milder Varieties (Stainless 
Iron), 69. 

Sales, Reno H.: Discission on Petrographic Studies of Limestone Alterations at 
Bingham, 902. 

Sand-ffotation process: anthracite installations, 743. 
bituminous application, 740, 742, 756. 
costs, 747, 748, 749. 
flow sheets for bituminous coal, 747. 
maintenance, 746. 

Pine Hill Coal Co., 743, 744. 
results on anthracite, 745. 

Sauveue, Aibest: What is SteelS, 3. 

Sauvetjb, Albert and Krivobok:, V. N. : TJse of Sodium Picrate in Revealing Dendritic 
Segregation in Iron Alloys, 239. 

ScHNBiDBR, H. G.; Smackover OH Field, Ouachita and Union Counties, Ark,, 1076. 
Schwartz, G. M.: Discussion on R6le of Secondary Enrichment in Genesis of Butte 
Chalcocite, 962. 

Science of metals, trend, 303. 

Scotland: geology, oil, 1068. 
map, oil geology, 1069. 
oil wells, 1070. 

Scott, Howard: Discussion on The Nature of Martensite, 42. 

Screening: coal, 762, 770, 771, 

efficiency: difficult grains, 632, 642. 

methods of measuring, 632, 635, 637, 643. 

screen types, 644. 

sieves for testing, 632, 640. 

Secondary enrichment: Butte chalcoeite; field evidence, 934. 
microscopic evidence, 942. 

Ducktown, Tenn., 998. 

Segregation, steel, effect of cooling rate, 79. 

Separation and Pwrifkalion of Liquids hy Centrifugation with Special Reference to 
Petroleum (Mbston), 1106; Discussion: (Weight), 1116; (Mbston), 1116. 
Settling: calculations, 1112. 
formulas, 759. 

Shannon Copper Co., history, 832. 

Shaw, Dexter N., and Homerberg, Victor 0. : Relation of Beat Treatment, Mechanic 
ccd Properties, and Microstructure of 60-40 Brass, 866. 

Short, N., Locxp, Augustus, and Hall, D. A.: R6le of Secondary Enrichment in 
Genesis of Butte Chalcocite, 933. 

Signal sysritoL, dift^Morenci district, 843. 

SHioa, b^vibr in zinc leaching, 523, 525. 

Silicon steel: etching, 254. 

iJmtomioiographe, 255. 

Silver chloride, solubilify in brine, 448. 

Silver4eadrrinCy equHibriuni diagram, 618. 
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Silver ore, South Lorrain district, Ontario, 1048. 

Simulating Natural Light in Metallography (George), 259. 

SiNGEWALD, J. T.: Discussion on Oxidation and Enrichment at Duchtoum, Tenn,, 1021. 

Sintering: complex ores, 473. 
tin concentrates, 423. 

Slag: anode, see Anode slag. 

tin smelting, 418, 419, 426, 440 

Slags, open-hearth furnace, 161, 162. 

Slimes, black-copper electrolysis, 586, 589. 

Smackover oil field, Arkansas: accumulation of oil, causes, 1092. 
decline and ultimate production, 1097. 
drilling methods, 1095. 
folding, ca.uses, 1091. 
history, 1076. 
map, 1077, 1085. 
production, 1094, 1097. 
relation of oil and gas to structure, 1087. 
sands, productive, 1083. 
stratigraphy, 1078. 
structure, 1084. 
water in sands, 1089. 

Smackover Oil Fields Ouachita and Urdon Counties, Ark. (Schneider), 1076. 

Smelting: complex ores, 472. 
tin, see Tin, smelting. 

Smith, F. G.: Discussion on Effect of Severe Cold Working on Scratch and Brinell Hard- 
ness, 362. 

Sodium picrato etching: dendritic segregation in iron alloys, 239, 
photomicrographs, 241, 265. 
silicon stool, 254. 

Sol, definition and theory, 1113. 

SoUd solutions, nature, 26. 

Solubility: load and silver chloride in brine, 448. 
solid, in inetals, 312. 

Soim Geological Features and Court Decisions of the Utah Apex — Utah Consolidated 
Controversy, Bingham Districi (Peteuson), 904. 

Some Low Copper-Niokd Silvers (Prtob and Grant), 328. 

South Lorrain district, Ontario; geology, 1043. 

Keeloy mine, 1046, 1048, 1051. 

map, 1045* 

mining, 1051. 

oreshoots, 1048. 

origin of silver ores, 1051, 1052. 

veins, 1046. 

South Lorrain Silver District, OrUario (Bell), 1043; Discussion: (MoCartky), 1052, 

SoxrriiWARD, Glenn B.: Coed Mining hyiheV System, 776; Disemsion, 783, 786, 786. 

Spoiss, treatment along with blaolc copper, 690. 

Spenoe process, lead, 456. 

Stenoer, a. C.: Discussions: on Oxidation and Enrichment at Ducktown, Tern., 1020. 
on Fetrographio Studies of limestone AUeroHone at Bingham, 900. 

SPTTitB, J. E. : Discussion on Primary Changes in Ore Deposits, 992. 

St. Jobn, Anoel: Discussion on The Nature of MarteneUe, 86, 41. 

Stage, J* R.: Discussion on BeducHon and Refining of Tin in the United States, 440, 
441, 443. 
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Stack, J. R., and Alexander, H. H.; The Reduction and Refining of Tin in the United 
StcAeSi 404. 

Stainless iron, 47, 59. 

Stainless steel: carbon importance, 63, 70. 
chromium content, 47, 69. 
corrosion resistance: effect of cold work, 57. 
effect of composition, 54, 58. 
effect of heat treatment, 54, 56. 
corrosion theory, 67. 
hardening, 51, 56, 59, 66, 69. 
malleability at high temperatures, 16, 18. 
mieroatructure, 50. 
photomicrographs, 50, 53, 55. 
proi)erties, 59. 
tensile properties, 60. 

tensile properties at high temperatures, 18. 

Stainlesa Steel with Particvlar Reference to the Milder Varieties (Stainless Iron) (Mont- 
penny), 47; Discussion: (Armstrong), 63; (Saklatwalla), 69; (Mont- 
pennt), 70. 

Stead, John E.: biographical notice, 1219. 

portrait, 1219. 

Stead’s brittleness, 326. 

Stead’s reagent, etching, 251. 

Steel: chromium effect, 48. 

cooling rate in mold: effect on physical properties, 91. 
effect on segregation, 79. 

crystallization: effect of temperatxire on grain growth, 78. 

from liquid state, 73, 74. 
dendrite formation, 74. 
diffraction pattern, 325. 
drill, see IMU steel, 

effect of zirconium on rolling properties, 201, 215, 
fractures, photographs, 75, 81, 116, 121. 
grain growth, effect of temperature, 78, 
hardness after rolling, 358, 359. 
highnsralfur, effect of zirconium, 201, 215. 

Howe’s work, 4. 

malleability at high temperatures, 13. 
mold design, effect on structure, 97, 119. 
octahedral crystal formation, 74. 
open-hearth, see Open-hearih steel, 
photomicrographs: dendritic structure, 240. 

Bulffde inclusions, 207. 
pouring method, effect, 127. 

red shortness, prevention with manganese or zirconium, 204. 

segregation, ^ect of cooling rate, 79. 

silicon, see Silicon steel, 

stainless, see Stairdess sted. 

structure, effect of mold design, 97, 119, 129. 

sulfide inclusions, 207, 212. 

sulfur prints, 82, 123. 

tearing in molds, 120, 122. 

tensile properties: after xolling, 358, 359. 
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Steel: tensile properties: at high temperatures, 18, 23. 
effect of cooling rate in mold, 91. 
twisting tests, 13. 

Stocks, oil and gasoline, 1162, 1171, 1174. 

Stop-cocking, oil wells, 1156, 1158. 

Storage tanks, oil, electric welding, see Electric welding^ oil-storage tanka, 

Stoughton, JiRAOLBY: Biographical Notice of Albert Ladd Colby, 1233. 

Discussion on Effect of Zirconium on Hot-Polling Properties of High-sulfur Steels 
a7id the Occurrmcc of Zirconium Sulfide, 218. 

Sulfide inclusions in steel, 212. 
photomicrographs, 207. 

Sulfur: absorption from gas in open-hearth furnace, 176. 
content in fuels, 184. 

in steel: nninganese effect, 204, 219, 220, 221. 
ratio to manganese content, 204, 216. 
rod shortness prevention, 204. 
isircoTuum effect, 201, 216. 
zirconium-sulfur compounds, 206, 210. 

Sulfur prinliH, steel sections, 82, 123. 

Supply and demand, law as applied to oil and gasoline, 1170. 

Stirfaco reactions: adsorption of oils by mineral separation, 720. 

(dectrical charge on mineral particjhis, 701. 
flotation, see Flotation, surface reactions. 
li<iuid-li(juid interface, 676. 

Surface ficaallnm in Flotation(VMUimsvALn), 647; Discussion: (Tagoabt), 737; (Gau- 
din), 737. 

Hurface U'lisiou: ndKorption and wotting, 670. 
bubbh'H in flotation, 674. 
emulHioiiH, time fao.tor, ()5H. 
foaming, 668. 

inoaHuronictit, nictliods, 649. 
nature, 648. 

oil-water mijcturcjs in flotation, 657, 009. 
salt solutions, 66(h 
time factor, 653, 058, 738. 
useful flotation chemicals, 661. 
variation, 673. 

water: compression effect, 655. 
effect of chemicals, 005. 
effect of gases, C52. 
effect of oils, 000. 
oil condition, 089. 
substances lowering, 602. 
temperature effect, 670. 
time factor, 653. 
value, 052. 

Surface tension-concentration curves, 729. 

Surface tonsion-conotmtration relation, 689. 

Suspension of imrticles in liquids, theory, lUl. 

SwERTsutt, Kalpk U.; Discussi^ on Ejfect of Coke OombustibiHiy on Stock Descent 
in Blast Furnaces, 233, 237, 238. 
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Taggart, Arthur P.: Discussion on Surface Reactions in Flotation, 737. 

Tatnton, XJ. C., and Lbtson, L. T. : Electrolytic Zinc from Complex Ores, 486. 

Tanka, oil, electric welding, see Electric welding, oH-storage tanks. 

Tatlor, S. a.: Discussions: on Data ahoiU Ldbor Employed in Various Bituminous 
Coal Mines, 824. 
on Dry Cleaning of Coal, 768. 

Temperature: effect on malleability of iron and steel, 8, 13. 
oil weUs, United Kingdom, 1072. 

Tensile properties: after rolling, 367, 359. 

iron and steel, effect of high temperatures, 18, 23. 
steel, effect of cooling rate in mold, 91. 

Tensile testing: deformation of aggregate of grains, 278. 
deformation of a single grain, 275. 

Tensile tests at high temperatures, 19. 

Tests: corrosion, brass, 391. 
dry cleaning of coal, 765. 

Greenawalt process, 554. 
sulfur absorption in open-hearth furnace, 176. 
tensile, at high temperatures, 19. 
twisting, see Twisting tests. 

Thorium, diffusion in tungsten, 306, 312. 

Timber Used in Bitumirwus-^al Mining (Alpord), 789. 

Tin: American Smelting & Refining Co., 409. 

American status, 440. 
analysis, electrolytic, 438. 
analysis of concentrates, 406, 429. 
assays and analysis, 407. 
blast furnace, 424. 

BoHTian concentrates, 404. 
cold rolled, hardness, 346. 

Cornish assay, 408. 
dectrolytes, 433. 
electrolytic: analysis, 438. 

refining, 432, 435. 
fracture or bending test, 409. 
gaseous reduction, 442, 444, 445. 
glue-cresylic acid addition agent, 434. 
losses in treatment, 438. 

Perth Amboy plant, 409, 436. 

processes, 410, 429. 

production, 439. 

puichasmg concentrates, 406. 

reduction process, 404, 429, 442, 444. 

reduction without slagging, 442, 444, 445. 

refinery, Perth Amboy, 436. 

refining, 404, 432, 435, 

reverberatory furnaces, 415. 

roasting, 415, 423. 

selective reduction, 429. 

sintering, 423. 

slag cleaning, 419. 

slag-settling furnaces, 427. 

smelting; alloy, 418. 
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Tin: smelting: Amerioan modifications, 422. 
baghouse, 421. 
blast furnace, 424. 
blast furnace vs. reverberatory, 431. 
byproducts, 422. 
flow sheet, 414. 
history, 404, 409. 
process, 411, 416. 
reverberatory, 416, 431. 
slag, 418, 419, 426, 440. 

U. S., 409, 411, 422, 440, 444. 

Williams Harvey Brooklyn plant, 441, 444. 
specifications, 439. 
stone-mold test, 408. 
testing, 408. 

United States reduction and refining, 404, 409, 429. 
volatilization process, 442. 

WiDiams Hxirvey plant, Brooklyn, 441, 444. 

Tintic Milling Co., 458. 

Tintic Standard mill, 456, 466. 

Tobelmann, HamiY A.: Discussion on Greenawalt Electrolytic Coyper Extraction 
Process, 569. 

Transportation, Olifton-Morenci district: accidents, 851. 
cars, 837, 853. 
collector system, 838. 
costs, 849. 
development, 832. 
electric haulage, 833. 
gage, 835. 

loading chutes, 844. 
locomotives, 832, 836, 854. 
pantagraph collector, 840, 841. 
power and transmission, 845. 
signals, 843. 
time studies, 847. 
tracks and bonding, 841. 
tunnels, 839. 

Trend in the Science of Metals (Jefebies), 303. 

Trend of Prices in the Petroleum Industry (Pogue), 1159; Discussion: (DeGolybb), 
1106, 1168; (Hamilton), 1167; (Carpenteb), 1167; (Wheeler), 1168. 

Tungsten: diffraction patterns, 315, 318. 
diflusion of thorium, 306, 312. 

Tuimels, Clifton-Moronoi district, 839. 

Twisting tests: apparatus, 8. 

Armoo ingot iron, 7. 
electrolytic iron, 11. 
steel, 13. 


United Bangdom, oil, see Oil, United Kingdom. 

Use of Sodium Piorate in Revealing Dendritic Segregation in Iron Alloys (Sauveub and 
Kbivobok), 239; Discussion: (Gomstoob:), 251; (Hall), 262. 

Utah Apex mine, section, 860, 864, 921. 
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Utali Apex-TJtaJi Consolidated mines: controversy, 904. 
court decisions, 926. 
geology, 908. 

maps, 905, 909, 911, 914, 915, 919, 923, 924. 

Utah Copper HUl, 862, 966. 


Valuation, coal properties, see Coed tniningj valvaiion of properties. 

ValiuUion of Coed Mining Properties in the United States (Report of the f^gineers’ 
Advisory Committee of the U. S. Coal Commission), 794. 

Van* AnsDALx:, Geoboe D. : Discussion on Hydrometallurgy of Leadf 468. 

Vanick, J. S.: Discussion on Nitrogen in Steely 287. 

Vein system, ideal, reconstructed, 982, 983. 

Volatilization process, complex ores, 476, 482. 

V system, coal mining, 775. 


Walkeb, AbthubL. : Discussion on Greenawalt Electrolytic Copper Process, 569. 
Wabnee, J. H. : Biographical Notice of Oscar Rohn, 1229. 

Waeneb, Robbbt K.: Efficiency of Screening, 631; Discussion, 640, 646. 

Water analyses, oil fields, United l^gdom, 1074, 1075. 

Water in oil, removal, see Dehydration, oU. 

Water, surface tension, see Surface tension, water, 

Watbkhouse, Gbobgb B.: Discussions: on Absorption of Sulfur from Producer Gas in 
Opertr^hearih Furnaces, 184. 

on Economic Significance of Metalloids in Basic Pig Iron in Basic Opm^ 
heesrth Practice, 171. 

Waj^ removal from oil, see OU, wax removal. 

Webstbb, W. R. ; JHsettssions: on Corrosion of Brass as Affected by Grain Size, 402, 403. 

on Effect of Severe Cold Working on Scratch and Brinell Hardness, 369, 362. 
Welding, electric, see Electric welding. 

Wells, oil, see Oil wells. 

West Virginia Coal and Coke Co., coal mining, V system, 776. 

Wetherill process, present position, 481. 

What is Steeif (Sauvbxjb), 3. 

Whebubib, H. a.: Discussions: on Electric Welding of Large Storage Tanks, 1203. 

on Trend of Prices in the Petroleum Industry, 1168. 

Wiggins, J. H.: Evaporation Loss of Petroleum — Theories and Their Application, 1131; 

Discussion, 1136, 1137, 1138. 

Wildcatting, oil, 1167, 1168. 

Williams Harvey tin plant, Brooklyn, 441, 444. 

Williams, Robert S., and Homebbero, Victor 0.; Relation of Heat Treatment to the 
Microstruefure of 60-40 Brass, 376. 

WiNCHiDLL, A. N.: Petrographic Studies of Limestone Alterations at Bingham, 884; 
Discussion, 903. 

WiTHBRBLL, C. S.: Discussions: on Calculating the Zinc for Desilverisnng Lead Bullion 
by the Parkes Process, 614, 625, 626, 630. 
on Direct Electrolysis of Black-copper Anodes of High Nickellectd Content, 681. 
Wood, Joseph Kate: Overstrain in Metals, 274. 

Woolf, W. G.: Discussion on Electrolytic Zinc from Complex Ores, 628- 
Wright, H. F. : DwcttMtoTw: on the Electrical Dehydration of Cut Oil, 1103. 

on EvaporatumLoss of Petroleum^Theories and their AppHcaHon, 1136, 1138. 
Wyoming Coal Co., dry cleaning, 763, 766, 770. 
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X-ray patterns, metals, see Diffraction patterns, 

Yampa case, court decisions, 928, 930. 

Yampa limestone, Bingham district, 860, 861, 864, 876, 915, 917, 926 

Zinc: byproducts, 480. 

concentrate treatment, 479, 481. 
economic position, 471. 
electrolytic, see Electrolytic zinc, 
electrolytic process, position, 479, 486. 
leaching: acid strength, 497, 503. 
arsenic removal, 601. 

Burt filter, 607. 
cobalt removal, 502, 524. 
extraction, 489, 494, 495. 
ferrite effect, 496, 500. 
flow sheet, Martinez, 505. 
high-acid process, 503, 504. 
nickel removal, 502. 
purification, 510. 
silica problem, 523, 525. 
zinc-dust precipitation, 510. 
melting, 519. 

Parkes process, calculation, 611, 619. 
removal from complex ores, 477, 486. 

Wotherill process, position, 481. 

Zinc concentrates: chloride processes, 481. 
lead removal, 481. 
middling treatment, 488. 
treatment, 479. 
volatilizatiou process, 482. 

Zinc-copper system, equilibrium diagram, 377. 

Zinc crusts, Parkes process, 611, 614, 623, 627. 

Zinc dust, use in purification of solutions, 510. 

Zinc ferrite: dissolving, advantages, 500. 
effect on zinc extraction, 496. 
magnetic separation, 498. 

Zinc-load middlings treatment, 483. 

ZincHsilvor-lead, equilibrium diagram, 618. 

Zircon, Bin^am district, 891, 893. 

Zirconium: effect on rolling properties in high-eulfur steels, 201, 215, 218. 
occurrence in steel, 206, 210, 218. 
red shortness prevention, 204. 

Zirconium sulfide, mode of occurrence in steel, 206, 218. 

Zones, ore depoeits, 971, 993. 









